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1.0 


EXECUTIVE  SUMMARY 


1.1  Introduction  and  Summary 

Cryogenically-cooled,  high  stray! ight  rejection,  infrared  sensors 
are  currently  planned  for  use  in  space  surveillance  and  earth  limb  emission 
measurements  for  a  multi-year  mission.  Initial  laboratory  data  indicated 
that  cryodepost  thickness  of  the  order  of  2  to  5  microns  are  sufficient  to 
degrade  mirror  performance  to  below  acceptable  levels.  A  search  of  the 
literature  and  our  experience  with  cryogenic  sensors  indicated  that  the 
major  sources  of  contamination  (either  atmospheric  constituent  species  or 
spacecraft  outgassing)  have  to  flow  through  the  telescope  entrance 
aperture. 


The  concept  of  an  ion  anti -contamination  system  (IACS)  is  based 

on  generation  of  an  electron  plasma  within  a  telescope  baffle  to  ionize  the 

incoming  contaminant  gas  molecules  through  electron  impact  and  uses  a 

static  electric  field  to  direct  the  resultant  ions  to  a  collector.  The 

ideal  IACS  is  a  low-power  device  with  no  moving  parts  so  that  is  has 

inherently  long  operating  life.  It  should  be  operated  without  significant 

interference  with  the  sensor  or  thermal  loads  on  the  cryogenics.  It  should 
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have  attenuation  levels  of  at  least  10  to  10  . 

The  contamination  environment  for  a  cryogenic  infrared  sensor  is 
significantly  dependent  on  Its  operating  orbital  altitude,  two  candidate 
altitudes  (600  and  5600  nautical  miles)  are  emphasized  for  evaluation. 

The  primary  concern  of  sensor  contamination  is  the  ability  to 
keep  the  cryogenic  optical  elements  clean  so  that  the  mirror  BRDF  can  be 
maintained.  The  BRDF  can  be  degraded  by  particulate  deposition  or  gaseous 
cryodeposition. 
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A  micrometeroid  impact  would  provide  enough  energy  to  dislodge 
existing  or  to  generate  new  particulate  contaminant  from  a  spacecraft 
surface.  The  dislodged  particles  have  very  low  initial  velocities. 

Typical  values  are  40  cm/sec  for  5  to  15  urn  size  range  and  3  cm/sec  for  95 
-  105  urn  size  range. 

A  conceptual  design  (Configuration  5)  to  protect  the  primary 
mirror  from  these  dislodged  particles  has  been  obtained.  This 
configuration  can  be  readily  integrated  into  a  CIRRIS  -  class  telescope 
design.  The  particulates  will  be  ionized  by  electron  bombardment  and  then 
deflected  and  deposited  at  the  collector  plate  by  electrostatic  field.  A 
point  design  that  measures  12  inches  in  diameter  and  20  inches  long  can 
protect  a  10  inch  diameter  circular  aperture.  The  power  consumption  for 
the  election  cloud  generation  is  15  watts  at  10”7  torr  of  pressure.  The 
magnetic  field  generation  requires  45  watts  for  a  36  pound  solenoid  weight. 

The  atmospheric  and  spacecraft  outgassing  gaseous  species  have 
much  smaller  ionization  cross  sections  in  comparison  with  particulates. 
Therefore,  effective  ionization  of  these  contaminents  would  require  much 
higher  electron  density  which  can  be  generated  with  much  higher  applied 
voltages. 


Four  IACS  configurations  were  considered  for  the  gaseous  species 
pumping.  Configuration  1  is  basically  the  particulate  pump  described  above 
scaled  up  to  the  required  electron  densities.  Parameters  for  a  point 
design  for  protection  of  an  8  inch  circular  aperture  include  applied 
voltage  of  700  KV,  solenoid  weight  of  220  pounds  and  solenoid  power 
consumption  of  100  watts.  Configuration  2  is  a  novel  pumping  arrangement 
designed  for  a  rectangular  optical  aperture  of  length  over  width  ratio  of 
5.  It  may  provide  the  required  electron  density  without  the  very  high 
voltages.  More  detailed  electric  field  calculations  are  required  to 
further  evaluate  this  concept.  Configuration  3  is  a  peripheral  pump  which 
does  not  require  very  high  voltages  but  only  be  effective  against  gas 
contaminants  that  impinge  on  the  wall  of  this  device.  Configuration  4  uses 
no  magnet.  It  relies  on  a  transversely  excited  RF  electric  field  to 
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elongate  the  path  length  of  the  injected  electrons  to  reduce  the  electronic 
current.  However,  a  preliminary  point  design  for  a  15  cm  by  50  cm 
rectangular  optical  aperture  and  an  interaction  length  of  50  cm  requires  ~8 
!'W  of  power  to  operate.  The  weight  of  this  configuration  will  be  less  than 
20  pounds. 

In  summary,  a  conceptual  IACS  design  to  protect  the  orbital 
sensor  from  an  orbit  particulate  is  obtained.  This  device  appears  to  be 
compatible  with  the  baffle  design  of  a  CIRRIS  -  class  high  straylight 
rejection  telescope.  Additional  effort  should  be  directed  at  bringing  this 
concept  into  sensor  application. 

The  problem  of  gaseous  species  pumping  is  more  difficult  due  to 
the  much  smaller  ionization  cross  section.  A  straight  forward  scaling  from 
commercial  ion  pump  single  cell  dimension  of~l  inch  to  10  to  40  inches 
require  voltage  in  the  order  of  a  million  volt.  The  novel  split  anode 
pumping  configurations  is  a  promising  approach  if  the  electrons  can  indeed 
be  generated  and  trapped  within  the  optical  aperture.  More  detailed  field 
calculation  are  required  to  evaluate  fully  its  applicability.  The 
peripheral  pumping  configuration  can  be  built  with  modest  voltage  and 
weight,  but  its  applicability  may  have  to  be  compared  with  a  simple 
alternative,  as  a  cryobaffle  at  20  Kelvin.  The  RF  Getter  pump  is  very 
light  weight  but  power  hungry.  If  the  shape  of  the  optical  aperture  is  a 
large  length  to  width  ratio  rectangle,  then  its  power  requirement  will  be 
reduced  and  this  approach  will  become  more  attractive. 

1.2  Summary  of  Remaining  Sections 


Section  Two  defined  the  optical  contaminant  problem  the  IACS  will 
be  designed  to  solve.  The  figure  of  merit  for  optical  contamination  is  the 
BRDF  of  the  mirror.  Experimental  measurements  on  BRDF  of  low-scatter 
mirror  samples  Indicate  that  particulate  deposition  on  cryogenic  mirrors, 
in  addition  to  molecular  cryodeposits  are  dominant  sources  of  BRDF 
degradation.  The  experimental  data  from  various  sources  are  referenced  to 
Illustrate  the  above  statement.  The  contaminant  environment  and 


contamination  mechanisms  are  summarized  at  the  end  of  this  section  for  the 
prelaunch,  launching  and  on-orbit  sensor  environments. 

Section  Three  covers  the  theoretical  analysis  of  an  ion 
anti-contamination  system  (IACS).  It  includes  the  parameters  that  affect 
the  attenuation  efficiency  of  an  IACS.  For  example,  increasing  the 
interaction  length  by  two  would  square  the  attenuation  efficiency  (i.e., 

10?  becomes  1%).  Placing  a  forebaffle  section  of  length  over  diameter 
equal  to  two  between  the  IACS  interaction  region  and  the  external 
atmosphere  can  reduce  the  gas  flow  rate  from  100?  to  36%. 

Five  ion  pump  configurations  were  considered.  The  first  IACS 
configuration  is  a  scaled-up  version  of  a  single  cell  Penning  cell  with 
modified  cathodes.  This  configuration  is  ideal  for  circular  optical 
aperture  of  small  dimensions  because  the  operating  voltage  scales  up  to  700 
KV  for  a  point  design  of  20  cm  optical  diameter.  The  power  consumption  of 
the  discharge  is  less  than  1  watt  at  10~7  torr  of  external  pressure.  The 
required  magnetic  flux  density  (—250  Gauss)  can  be  generated  by  a  solenoid 
that  wraps  around  the  electrodes.  Operating  at  100  Kelvin,  a  solenoid  of 
25  cm  diameter  and  100  cm  length  weighs  220  lbs.  and  dissipates  100  watts 
in  Joule  heating.  If  the  solenoid  winding  temperature  can  be  reduced  to 
below  30  Kelvin,  a  superconducting  magnet  is  possible.  This  would  increase 
the  complexity  of  the  IACS  system  but  it  would  permit  the  maintenance  of 
greater  magnetic  flux  densities  while  essentially  requiring  no  electric 
power  input.  Flux  densities  of  50,000  Gauss  are  routinely  achieved  in 

superconducting  solenoids.  This  20  cm  optical  diameter  point  design  has  an 
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attenuation  efficiency  of  10  for  gas  kinetic  temperature  of  450  Kelvin. 
Parameters  for  a  point  design  for  a  40  inch  optical  diameter  are  also 
presented. 

The  second  IACS  configuration  is  a  novel  pumping  arrangement 
which  may  provide  the  required  electron  density  without  the  very  high 
voltages.  This  arrangement  is  suitable  for  a  rectangular  aperture. 
Essentially,  one  has  taken  the  standard  ion  pump  single  cell  configuration 
and  cut  the  pump  into  two  halves  such  that  each  half-pump  has  a  cylindrical 


i 
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anode  and  a  cathode.  A  number  of  these  half-pumps  are  stacked  side-by-side 

to  form  a  closely  packed  array  .  Two  arrays  are  placed  one  above  and  one 

below  the  rectangular  optical  aperture  along  the  baffle  such  that  each 

half-pump  will  be  directly  opposite  another  one  on  the  other  side.  The 

magnetic  field  will  be  directed  parallel  to  the  anode  axes.  Each  half-pump 

will  generate  a  dense  electron  cloud  within  the  anode.  The  electron  cloud 

will  spill  over  into  the  gap  between  the  diametrically  positioned  anodes 

and  be  constrained  to  a  spiral  path  by  the  magnetic  field,  thus  ionizing 

the  gas  molecules.  A  point  design  of  this  configuration  for  a  rectangular 

aperture  of  10  cm  by  50  cm  and  measuring  100  cm  long  requires  87  KV  and 

consists  of  400  half-pumps.  This  IACS  can  potentially  provide  attenuation 
_2 

of  10  for  a  gas  kinetic  temperature  of  450  Kelvin.  The  electromagnet 
required  for  this  configuration  dissipates  250  watt  if  operated  at  100 
Kelvin.  More  detailed  field  calculations  are  required  to  further  evaluate 
this  concept. 

The  third  IACS  configuration  has  the  pumping  region  located 
outside  the  optical  field  of  view,  and  therefore  pumps  only  the  gas  or 
particulate  contaminants  that  strike  the  peripheral  surface.  The  pump 
configuration  can  be  two  concentric  cylindrical  electrodes  or  an  array  of 
small  getter  pumps  that  blankets  the  periphery  of  the  IACS.  These 
configurations  were  not  seriously  pursued  due  to  their  inability  to  pump 
contaminant  gases  that  come  through  the  optical  path.  A  perfect  peripheral 
pump  would  be  functionally  equivalent  to  an  ideal  cryopump  with  the  added 
ability  to  getter  the  contaminant  molecules  and  permanetly  bury  them 
through  chemisorption.  Electromagnets  will  be  used  on  the  concentric 
cylindrical  electrodes  configuration  and  permanent  magnets  are  considered 
for  the  array  configuration. 

The  fourth  IACS  configuration  uses  no  magnets.  It  uses  an  RF 
electric  field  to  accelerate  the  electrons  alternately  to  one  direction  and 
then  the  opposite  direction  as  these  electrons  are  injected  into  a  resonant 
cavity.  The  electron  ionization  path  is  thus  increased  beyond  the  direct 
transversal  path.  The  heavier  gas  Ions  are  drawn  to  the  collector  plates. 
The  RF  cavity  is  essentially  a  rectangular  box-like  structure  that 
accommodates  rectangular  apertures  rather  nicely.  This  box-like  structure 


-5- 


is  opened  at  two  opposing  sides  so  that  the  clear  aperture  is  unobstructed. 
A  preliminary  point  design  for  a  30  cm  by  50  cm  optical  aperture  and  an 
interaction  length  of  50  cm  requires  2  KW  of  power  shared  between  the 
thermionic  current  source  and  the  cavity  loss.  The  weight  of  this  cavity 

will  be  less  than  20  pounds  while  the  RF  power  supply  may  be  50  pounds. 
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This  point  design  will  have  an  attenuation  efficiency  of  10  .  Since  the 
ionization  path  was  examinated  for  a  selected  few  cavity  modes,  further 
examination  of  the  entire  cavity  mode  parameter  space  may  yield  more 
efficient  cavity  parameters  and  reduce  power  consumption. 

Section  Four  summarizes  the  conceptual  design  of  an  experimental 
setup  to  measure  the  effectiveness  of  various  ion  pump  configuration.  This 
experiment  will  be  conducted  inside  a  vacuum  chamber  of  modest  dimension 
(i.e.,  12  inches  diameter  by  36  inches  length).  The  interior  volume  of 
this  chamber  will  be  partitioned  into  two  volumes.  A  modified  ion  pump 
will  be  mounted  at  an  orifice  which  connects  the  two  volumes.  The  ability 
of  the  modified  ion  pump  to  sustain  a  differential  pressure  will  be 
measured  and  analyzed  to  deduce  the  equivalent  pumping  speed. 

Section  Five  presents  an  analysis  of  infrared  radiation  emission 
due  to  the  electron-gas  contaminant  impact  interaction.  Initial  results 
indicate  radiance  levels  due  to  direct  neutral  molecule  excitation  and 
subsequent  relaxation  is  marginally  important  given  the  uncertainty  in  the 
Einstein  A  coefficient. 

Section  Six  proposed  an  experimental  plan  for  measuring  the 
infrared  radiation  level  in  an  IACS.  The  goal  of  this  experiment  would  be 
to  operate  a  discharge  similar  to  that  to  be  used  in  the  IACS  under 
conditions  that  would  be  encountered  during  operation  in  space.  A  suitably 
modified  Penning-type  discharge  will  be  pumping  neon  because  of  its 
similarity  to  oxygen  atoms  (a  species  of  primary  interest),  and  its  high 
vapor  pressure  under  cryogenic  conditions.  The  radiation  will  be  monitored 
using  a  broadband  radiometer  capable  of  measuring  10"^w/cm2-sr-um  against 
the  background  of  the  cooled  cryo-shroud  at  20  Kelvin. 


2.0  DEFINITION  OF  THE  OPTICAL  CONTAMINATION  PROBLEM 

2.1  Scope  of  the  Contamination  Problem  Being  Addressed 

This  study  is  centered  around  the  definition  of  the  optical 
contamination  problem  and  the  design  study  of  a  device  that  would  alleviate 
this  problem.  The  mission  assumed  will  consist  of  a  number  of  orbiting 
spacecrafts,  each  comprised  of  a  sensor  payload  and  the  associated  sensor 
navigational,  communication  and  power  generation  subsystems.  The  sensor 
payload  will  be  typically  an  optical  telescope  that  operates  at  cryogenic 
temperatures.  The  spectral  bands  of  the  optical  filters  will  be  in  the 
infrared.  The  focal  plane  will  be  comprised  of  detectors  that  operate 
close  to  BLIP. 

The  candidate  orbital  altitudes  of  the  spacecraft  are  600  and 
5600  nautical  miles. 

The  performance  of  these  space  looking  sensors  will  be  limited  by 
the  out  of  field-of-view  rejection  (OFVR)  capabilities  of  the  cryogenic  IR 
telescope  when  viewing  targets  close  to  earth  limb.  In  state-of-the-art 
high  straylight  rejection  telescope  designs,  the  dominant  straylight 
coupling  mechanism  is  associated  with  the  optical  scattering  properties  of 
the  primary  mirror.  Manufacturing  and  maintenance  of  very  low  optical 
scattering  characteristics  on  the  primary  mirror  directly  impacts  the  OFVR 
performance  of  the  cryogenic  telescope.  This,  in  turn,  may  adversely 
affect  the  limb  viewing  performance  of  the  sensors  and  thus  affect  overall 
system  effectiveness. 

The  assumed  mission  lifetime  of  the  system  is  4  years.  The 
potential  buildup  of  spacecraft-generated  contaminants  and/or  ambient 
species  on  cryogenically-cooled  optical  systems  may  degrade  system 
performance  to  an  unacceptable  level.  This  is  the  impetus  to  the  research 
and  development  of  an  Ion  Anti-Contamination  System  (IACS)  that  can  reduce 
the  buildup  rate  of  potential  contaminants  to  *n  acceptable  level. 
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2.2 


Evidence  for  Problem  of  Mirror  Contamination 


Mirrors  are  contaminated  in  room  temperature  storage.  The  ZIP 
telescope  primary  mirror  BRDF  was  degraded  by  two  orders  of  magnitude  after 
two  years  of  vacuum  storage.  The  telescope  was  brought  up  to  atmospheric 
pressure  in  a  clean  room  several  times  within  this  period.  Aerospace 
Corporation  has  mirror  samples  which  degrade  in  a  clean  room  after  6 
months.  ELS  and  IRBS  mirrors  were  degraded  in  clean  room  storage. 

Mirrors  are  contaminated  in  cryogenic  storage.  The  CIRRIS 
telescope  primary  mirror  was  degraded  after  6  months  in  cryogenic  storage 
at  30K. 


Direct  evidence  of  straylight  was  obtained  on  the  SPIRE 
(cryogenic  circular  variable  filter)  and  ELS  (cryogenic  grating 
spectrometer)  flights.  Data  was  obtained  in  the  16  urn  C02  emission  level 
was  reached  and  then  remained  constant  at  the  predicted  level. 

2.3  Optical  Parameter  Impacts 

Figure  1  summarized  the  assumed  range  of  the  system/sensor 
optical  parameters  and  their  applicability  to  the  optical  contamination 
problem. 

2.4  Figure  of  Merit  for  Optical  Contamination 

Optical  contamination  is  unwanted  optical  effects  due  to  the 
presence  of  some  material,  substance  or  energy  in  the  physical  components 
of  the  optical  telescope  or  within  its  optical  field-of-view.  For  a 
space-borne  cryogenic  telescope  that  is  required  to  detect  weak  point 
targets  in  the  vicinity  of  a  bright  source,  the  maintenance  of  low 
background  photon  flux  on  the  detector  is  very  Important.  This  may  be  the 
reason  why  the  telescope  was  cooled  to  cryogenic  temperature  in  the  first 
place.  The  background  photon  flux  that  comes  from  within  the  telescope 
structural  and  optical  components  can  be  effectively  controlled  by  cooling 
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Figure  T7  Ion  Anti -Contamination  Study  System  Optical  System  Parameter  Impacts 


the  telescope  to  a  temperature  such  that  the  self-emission  is  tolerable. 

The  background  photon  flux  that  originates  from  out  of  fleld-of-view 
sources  and  scatters  off  the  structural  or  optical  components  of  the 
telescope  is  controlled  through  selection  of  a  high  straylight  rejection 
optical  configuration  compatible  with  the  addition  of  an  optical  baffle  and 
minimization  of  optical  scatter  of  the  optical  components. 

Experimental  OFVR  test  data  have  shown  that  better  performance 
can  be  obtained  on  off-axis  reimaging  telescope  configurations  when 
compared  with  on-axis  reimaging  systems  due  to  the  absence  of  the  secondary 
mirror  support  spider  in  the  optical  aperture.  So,  for  a  well-baffled 
optical  configuration,  the  structural  scatter  can  be  controlled  so  that  the 
residual  optical  scatter  becomes  the  dominant  OFVR  limiting  source. 

The  figure  of  merit  for  the  optical  scattering  properties  of 
mirror  is  the  Bidirectional  Reflectance  Distribution  Function  (BRDF). 
Maintenance  of  the  primary  mirror  BRDF  at  low  fnitial  values  throughout  a  4 
year  mission  life  requires  protective  measures  against  optical 
contamination. 

Bidirectional  Reflectance  Distribution  Function  (BRDF) 

All  surfaces,  ranging  from  "black’'  absorbing  surfaces  to  highly- 
polished  mirrors,  have  a  characteristic  Bidirectional  Reflectance  Distri¬ 
bution  Function  (BRDF).  This  is  a  function  describing  the  reflectance  at 
all  angles  out  for  all  input  angles  of  incident  radiation.  Although  the 
term  is  simple  in  concept  it  is  much  abused.  A  single  plot  of  scattered 
energy  versus  output  angle  does  not  necessarily  indicate  that  the  BRDF  of 
that  material  has  been  specified  for  all  angles  of  Input  and  scatter. 

There  are  two  cases  that  apparently  satisfy  this  simplification. 
Well-polished  mirror  surfaces  exhibit  a  linear  shift-invariant 
characteristic.  Also,  a  classical  Lambertian  scattering  surface  has  a 
fixed  BRDF  profile.  However,  no  "black"  material  tested  exhibits 
Lambertian  characteristics  at  all  incident  angles. 
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It  should  be  noted  that  BP.DF  is  generally  dependent  on  the 
optical  wavelength. 

Low  scatter  finish  (i.e.,  low  BRDF  values)  of  cryogenic  mirrors 
are  known  to  be  degraded  by  the  deposition  of  particulates  and 
cryodeposits.  Described  in  the  following  sections  is  an  account  of  where 
they  come  from  and  how  they  will  affect  the  mirror  BRDFs. 

2.5  Contamination  Due  to  Particulate  Sources 


Particulates  deposited  on  low  scatter  mirrors  will  produce  Mie 
scattering  with  large  forward  components,  thus  increase  the  effective  BRDF 
of  a  low  scatter  sample.  These  particulates  can  be  attached  to  the  mirror 
prior  to  sensor  launch.  Probable  mechanisms  include  residuals  on  mirror 
after  cleaning,  airborne  particles  settling  on  interior  surfaces  during 
sensor  assembly  and  subsequently  transported  to  the  mirror  during  thermal 
vacuum  test  cycles,  shock  and  vibration  test  cycles,  and  the  launch 
acceleration.  Small  particles  are  rather  tenacious  and  adhere  to  a  surface 
well  so  that  a  large  force  is  required  to  dislodge  it.  Larger  particles 
(i.e. ^100  urn)  dislodge  more  easily. 

After  the  sensor  cover  is  opened  in  orbit,  particulates  existed 
or  generated  outside  the  sensor  can  be  transported  into  the  mirror  through 
the  entrance  aperture.  Examples  of  particulate  generation  mechanisms 
Include  micrometeoroid  Impacts  and  spallation  due  to  a  nearby  nuclear 
explosion. 


2.5.1  Particulate  Contamination  on  Clean  Bench 


The  first  report  on  scatter  (BRDF)  data  due  to  particulate 
contamination  appeared  in  Optical  Engineering  in  1974.  The  near-axis 
scatter  of  infrared  (10.6  urn)  energy  from  high  reflectivity  metal  mirrors 
was  described.  Figure  2  illustrates  the  effects  of  dust  on  BRDF  of  high 
quality  low  scatter  electroless  nickel-coated  aluminum  mirrors.  Open  and 
shaded  symbols  are  used  to  designate  the  data  obtained  by  AEDC  and 
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Honeywell  on  two  different  low  scatter  mirrors.  The  squares  in  Figure  1 
illustrate  the  comparative  scatter  data  for  the  same  mirror  after  a 
considerable  amount  of  dust  was  permitted  to  collect  on  the  surface.  It  is 
significant  to  note  that  the  dust  was  collected  while  the  mirrors  were 
located  in  a  class  100  laminar  flow  clean  bench.  The  comparison  of  the 
data  before  and  after  contamination  is  striking.  There  is  about  a  two 
order  of  magnitude  increase  in  the  scattered  energy  due  to  the 
contamination.  After  the  BRDF  had  been  obtained  on  the  mirror  surface 
contaminated  with  dust  particles,  the  surfaces  were  cleaned.  The  BRDF, 
after  blowing  the  surface  clean  with  nitrogen,  is  presented  in  the  form  of 
circles  in  Figure  2.  The  above  characteristic  was  evident  in  routine 
measurements  made  in  both  laboratories. 


A  set  of  data  on  the  effects  of  one  dust  particle  has  been 
reported  in  the  same  article  and  reproduced  in  Figure  3.  In  this  figure 
the  mirror  scatter  (BRDF)  of  the  clean  surface  was  about  10'5  and  below  as 
a  function  of  angle  from  the  specular  beam.  One  piece  of  dust  fell  onto 
the  surface  of  the  mirror.  The  C02  laser  was  aligned  to  illuminate  that 
particle.  The  resultant  BRDF  is  shown  in  Figure  3.  The  increase  in 
scatter  is  obvious.  Blowing  the  particle  off  returned  the  scatter  to  the 
original  clean  mirror  values. 

2.5.2  Poly-Dispersed  Particle-Scattering  Data  Agrees 
with  Mie  Scatter  Theory. 

This  data  was  obtained  by  R.  P.  Young  of  ARO  and  reported  in 

Reference  2.  The  scatter  data  in  this  paper  resulted  from  the 

contamination  of  a  low  scatter  mirror  with  spherical,  silver  particles 

(nominal  diameters  between  9  and  18  urn).  The  energy  scattered  by  the 

mirror  surface  was  several  orders  of  magnitude  below  that  from  the 

particles,  and  was  considered  negligible  for  the  BRDF  calculations.  Figure 

4  is  a  particle  size  distribution  plot.  Most  of  the  silver  particles  on 

the  glass  slide  were  in  the  size  range  between  8.19  and  17.6  urn  diameter. 

Nominally  1.7%  of  the  surface  was  obscured  by  the  contaminant.  Particle 

7  2 

density  was  nominally  1.5  x  10  particles/ft  .  The  particles  were 
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uniformly  distributed  over  the  glass  slide  surface,  and  were  sufficiently 
far  apart  to  prevent  interaction  of  scattered  radiation  from  adjacent 
surfaces. 

Results  of  the  scatter  measurements  from  the  contaminated  mirror 
are  presented  in  Figure  5.  The  vertical  axis  in  Figure  5  is  the  particle 
BRDF  and  the  horizontal  axis  is  the  scattering  angle  as  measured  from  the 
specular  beam.  Angle  of  incidence  of  the  illuminating  laser  beam  was  2°. 
The  solid  curve  was  obtained  from  the  Mie  scatter  theory.  The  upper  curve 
is  the  forward  particle  scatter,  reflected  toward  the  radiometer  from  the 
mirror  surface.  The  lower  curve  represents  the  backscatter  from  the 
particle  contaminant.  Measured  scatter  data  are  presented  by  the  circular 
symbols  in  Figure  5. 

Results  of  the  particle-scattering  measurements  at  0.6328  urn  show 
that  the  particle  BRDF  was  strongly  dependent  on  scattering  angle, 
decreasing  rapidly  as  the  angle  from  specular  increases.  Beyond  about  20° 
from  specular  the  BRDF  became  almost  independent  of  the  scattering  angle. 
The  measured  data  agree  favorably  with  the  theoretical  values  of  the 
forward-scattering  prediction. 

Results  of  10.6  urn  measurements  show  that  the  near-specular  BRDF 
was  relatively  independent  on  the  scatter  angle.  The  BRDF  at  10.6  urn  was 
lower  than  BRDF  at  0.6328  urn  up  to  about  10°  from  specular.  From  10°  to 
about  50°  the  10.6  urn  BRDF  was  higher  than  the  0.6328  urn  BRDF.  The 
measured  10.6  urn  BRDF  data  again  agree  favorably  with  the  theoretically 
predicted  values  for  the  Mie  forward  scattering  for  angular  measurements 
between  0°  and  45°. 

Results  of  computations  for  the  forward  scattering  of  spherical 
particles  for  various  degrees  of  mirror  contamination  are  presented  in 
Figure  6.  Particle  size  was  obtained  from  MIL-STD-1246A.  Incident 
radiation  was  5,  10,  and  20  urn  for  Figures  6a,  6b  and  6c,  respectively. 

Note  that  the  BRDF  curves  decrease  as  the  radiation  wavelength  increases, 
and  that  the  BRDF  varies  with  the  scattering  angle.  The  forward  scattering 
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values  are  not  strongly  dependent  on  particle  material;  therefore,  the 
theoretical  results  in  Figure  6  are  relatively  independent  of  the  particle 
composition.  The  BRDF  curves  of  Figure  6  include  particle  scattering  only. 
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Mirror  scatter  would  have  to  be  added  to  these  values  to  obtain  total 
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surface  radiation  scattering. 
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2.5.3  Monodispersed  Particle  Scattering  at  10.6  urn 

Increase  in  BRDF  due  to  contamination  by  monodispersed  particle 

size  distribution  was  reported  in  Reference  3.  The  contaminant  particles 

were  pu 'y styrene  vinyl  spheres  of  a  single  size.  The  mirror  surfaces  had 

an  outside  layer  of  silver  overcoated  with  silicon  oxide.  The  test 

procedure  consisted  of  first  measuring  the  BRDF  of  the  four  clean  mirrors 

with  the  CO2  laser.  Uniform  spherical  latex  particles  held  in  a  water 

suspension  were  deposited  on  each  mirror  with  separate  eye  droppers. 

Figure  7  shows  the  increase  in  BRDF  above  that  of  the  clean  mirror  for  a 

surface  coverage  of  1.5  percent  of  a  monolayer  by  particle  diameters  of 

5.2,  9.8,  15.4  and  22.2  urn.  It  is  interesting  to  note  that  the  slope  of 

the  BRDF  increases  as  particle  diameter  increases  and  the  data  points  fit  a 
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straight  line  of  the  form  BRDF  -  A9  .  The  BRDF  of  a  contaminated  mirror 
is  given  by  the  sum  of  the  BRDF  plotted  in  Figure  7  and  the  BRDF  of  a 
clean  mirror. 

2.5.4  Sensor  OFVR  Data  Before  and  After  Particulate  Contamination 

Particulate  contamination  of  a  high  straylight  rejection  IR 
cryogenic  telescope  was  reported  in  Reference  4.  This  telescope  is  a 
highly  baffled,  off-axis,  doubly  folded  reimaging  optical  system.  The 
optical  train  consists  of  eleven  gold-coated  mirrors,  of  which  the  first 
and  second  mirrors  are  superpolished,  low  scatter  mirrors. 

The  OFVR  characteristics  of  the  telescope  are  expressed  as  Point 
Source  Power  Transmittance  (PSPT)  versus  Out  of  Field  Angle  (OFA).  Since 
the  PSPT  is  directly  proportional  to  the  detector  instantaneous  field  of 
view  (IFOV),  the  data  were  normalized  for  an  IFOV  of  1  mi croste radiance. 
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Figure  7. 


Experimental  Determination  of  BRDF  from  Particulate  Scatter 
(Martln/AEC)  Ref:  Somers,  Muscare,  "Effects  of  Contaminants 
on  BRDF:  SPJE  Vol  338 


-i 


Since  the  original  (pre-storage)  OFVR  test,  the  telescope  was 
integrated  into  an  evacuated  vessel  and  underwent  5  cryogenic  test  cycles 
during  a  period  of  1  year.  Afterward,  the  telescope  was  placed  in  the 
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vacuum  vessel  and  stored  in  an  evacuated  pressure  of  less  than  10  mm  Hg  at 
room  temperature  for  a  duration  of  2  more  years.  All  of  the  other  OFVR 
tests  were  performed  after  this  storage  period. 

The  OFVR  data  shown  in  Figure  8  is  the  OFVR  characteristic  in  the 

-Elevation  direction  with  respect  to  test  detector  1 ine-of-sight.  This  is 

the  scan  direction  that  would  have  the  off-axis  collimated  laser  source 

illuminating  the  top  side  of  the  baffle  tube.  The  PSPT  is  plotted  in 

logarithmic  scale  while  the  OFA  is  in  linear  scale  and  the  data  is 

normalized  to  a  1  usr  detector  IFOV.  Four  OFVR  measurements  along  the  same 

scan  direction  are  illustrated  in  Figure  8.  The  "triangular"  symbols  are 

data  for  the  original  (pre-storage)  OFVR  test.  They  are  joined  by  straight 
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lines  for  clarity.  The  implied  BRDF  of  the  primary  mirror  was  1  x  10 
per  sr  at  1°. 

The  "rhombus"  symbols  are  data  recorded  after  the  telescope  was 
taken  out  from  storage  and  placed  in  the  OFVR  test  facility.  The  PSPT  for 
OFA  less  than  5°  increases  by  a  factor  of  200  to  400.  This  is  the  OFA 
regime  for  which  the  primary  mirror  is  fully  illuminated.  One  can  conclude 
that  the  increase  in  PSPT  is  due  to  the  optical  contamination  of  the 
primary  mirror.  Subsequent  removal  of  the  baffle  system  and  visual 
inspection  of  the  primary  indicated  that  many  dust  particles  can  be  seen  on 
the  mirror  surface. 

Subsequent  thorough  washing  of  the  primary  removed  all  visible 
particulates  and  the  OFVR  was  retested.  This  test  data  is  shown  in  Figure 
8  as  "square"  symbols.  It  is  apparent  that  the  OFVR  performance  was 
restored  for  OFA  between  2°  to  7°,  but  the  OFVR  was  still  degraded  by  a 
factor  of  2  to  20  for  OFA  between  8°  to  15°. 
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Experimental  OFVR  Data  Particulate  Contamination:  SSG-ZIP  Telescope (Ref:  Wong,  Wang  and 
Murdock,  "Out  of  Field  of  Vie»  Rejection  Measurements  of  the  ZIP  Telescope  #2,"  SR  I E  vol .  3: 


The  secondary  mirror  was  also  cleaned  and  then  the  OFVR  was 
remeasured  and  plotted  in  Figure  8  as  "plus"  symbols.  It  is  apparent  that 
the  OFVR  is  restored  to  its  prestorage  values  of  three  years  ago. 

In  summary,  particulate  contamination  on  a  sensor  during  test, 
integration  and  storage  is  demonstrated  and  reported.  The  impact  on  sensor 
OFVR  is  significant.  A  factor  of  400  increase  in  stray! ight  would  increase 
BLIP  detector  noise  levels  20  times!  It  is  also  demonstrated  that  thorough 
cleaning  of  Ml  can  restore  OFVR  performance  for  most  OFA's.  Additional 
cleaning  of  M2  restore  OFVR  for  all  OFA's.  One  solution  to  alleviate  the 
on-ground  sensor  particulate  contamination  problem  is  to  design  into  sensor 
hardware  the  provision  to  clean  Ml  and  M2  in  situ  after  all  optical, 
thermal  and  vibrational  test  cycles. 

2.5.5  Mechanism  of  Particulate  Contamination  of  Mirrors 


Particles  Inside  Telescope 

A  clean  mirror  can  be  contaminated  during  the  assembly  test  and 
launch  procedures  if  the  other  telescope  interior  surfaces  are 
contaminated.  These  contaminations  include:  (1)  particles  generated  and 
deposited  during  assembly,  and  (2)  particles  generated  during  test  and 
launch. 


(1)  Metal  chips  sometimes  are  created  during  assembly.  Some 
optically  black  paints  flake.  Assembly  personnel  deposit  human  skin 
flakes,  hair,  dirt  and  other  fabric  material  into  the  clean  work  area. 
Airborne  particles  settle  on  surfaces. 

(2)  Large  particles  are  dislodged  under  vibration  and  shock  and 
can  fall  on  the  mirror.  Smaller  particles  can  be  carried  around  by  gaseous 
turbulence  during  cryo  vacuum  test  cycles.  Very  small  particles  (  1  urn) 
adhere  to  surfaces  by  Van  de  Waal  forces  and  removal  requires  1000  g's  of 
acceleration. 
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Particles  Outside  Telescope 


Exterior  surfaces  on  a  sensor  payload  will  have  some  particles 
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attached.  These  particles  can  be  released  in  orbit  and  its  trajectory  will 
be  determined  by  the  particle  ejection  velocity,  atmospheric  drag,  solar 
radiation  and  coriolis  acceleration.  Forces  that  would  release  these 
particles  include  impact  of  micrometeoroid,  and  bursting  of  bubbles  of  gas 
trapped  in  various  material. 

2.6  Contamination  Due  to  Gaseous  Cryodeposits 

2.6.1  Effects  of  Cryodepost  Contamination 

Effects  of  cryodeposit  contamination  of  low  scatter  mirrors  was 
reported  by  AEDC.  The  results  are  summarized  in  Figure  9.  Cryodeposits  of 
water  vapor  (HgO)  and  oxygen  (02)  are  of  special  importance. 

The  multi-layered  insulation  (MLI)  used  in  cryogenic  sensors 
exhibits  significant  outgassing  over  long  term  (i.e.,  hundreds  of  hours) 
and  the  outgassed  species  is  99.5%  HgO  (Figure  10).  Figure  11  illustrates 
the  H^lcyrodeposit  effects  on  BRDF. 

The  importance  of  oxygen  is  due  to  the  abundance  of  atomic  oxygen 
at  altitudes  between  200  and  1000  km  during  maximum  solar  activity.  At 
high  altitudes  of  10,000  km,  the  number  density  of  atomic  oxygen  falls  off 
to  a  level  of  insignificance.  The  effects  of  10.6  urn  BRDF  due 

to  oxygen  and  carbon  dioxide  cryodeposits  of  various  thicknesses  in  urn  are 
plotted  in  Figure  12.  It  is  apparent  that  the  smaller  angle  BRDF  can 
increase  by  an  order  of  magnitude  for  10  urn  thick  of  02  cryodeposits. 
Another  significant  effect  is  the  disproportionate  increase  in  scatter  for 
large  off-specular  angles.  Carbon  dioxide  concentration  is  very  low  in  the 
atmosphere  above  100  km  altitude.  However,  it  can  be  a  significant 
component  of  some  propellant  gas  mixtures. 
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•  Gaseous  Species  Investigated 

N2,  02,  NHj,  CO,  Air,  HjO,  mixtures 

•  N2:  -  Cryodeposit  OF  N2  was  highly  visible  but  SHOW  no 

INCREASE  IN  1R  SCATTER  (THICKNESS  up  TO  29u") 

-  Scatter  increase  was  mcasured  from  n2  deposit  by 
slowly  WARMING  THE  MIRROR  UNTIL  PARTIAL  VAPOR  I 2AT I  ON 
occured.  (Fig  11) 

•  02:  -  Only  gas  which  caused  consistent  increase  in  scatter 

WITH  DEPOSITED  THICKNESS.  MEASURED  2  ORDERS  OF 
MAGNITUDE  INCREASE  FOR  THICKNESS  OF  10u"  .  (F I G. 12  &  13). 

•  C02:  -  Increase  in  1R  scatter  if  deposited  on  a  low  temperature 

surface  (20  to  25* K)  but  not  when  deposited  on  a  near 
MAXIMUM  MIRROR  TEMPERATURE  OF  80'  K.  HOWEVER,  WHEN  THE 
DEPOSIT  WAS  COOLED,  IT  SHATTERED  AT  60K  AND  RESULTS  IN 
HAIRLIKE  CRYSTALS  ON  PART  OF  THE  MIRROR  5  DECADES 
INCREASE  OF  SCATTER 

•  nh3:  -  Unpredictable  because  of  its  tendency  to  shatter  or 

crystallize,  either  during  deposition  or  if  mirror 
TEMPERATURE  IS  CHANGED  AFTER  DEPOSITION. 

t  CO:  *  NOT  SIGNIFICANT  I NCRCASE  OF  |R  SCATTER  WAS  FOUND 
JTH1CKNESS  UP  TO  6  li"). 

•  h20:  -  Deposit  shattered  during  deposition  for  cold  gas  on 

COLD  MIRROR  (<1  TO  5  ORDER  OF  MAGNITUDE  -  WATER  ABSORBS 
10.6 «"  RADIATION  INCREASE). 

•  Ambient  Air:  None  of  the  deposits  shown  any  increase  in 

IR  SCATTER 

•  Ammonia-Nitrogen:  No  large  increase  in  scatter  unless  the 

DEPOSIT  SHATTERED. 

•  Simulated  Propellent  Gas:  < 3X  CO;  11X  C02;  39*  N2, 

97X  H20).  Increase  1R  scatter  was  observed 
only  if  the  cryodeposit  shatiered  during  warmup. 

•  Nitrogen  and  Oxygen  -  Random  Incidence:  Scatter  more 

THAN  NORMAL  INCIDENCE. 


craft  Contamination  Conference,  AFML,  1978. 


Figure  11.  H2O  Cryodeposit  Effects  on  BROF  (Ref:  Degradation  of  Low  Scatter 
Metal  Mirrors  by  Cryodeposit  Contamination,:  AEDC-TR-75-128,  Dct. 
1975) 


-25- 


2.6.2 


Sensor  Gaseous  Contamination  Problem 


For  a  baseline  mission,  the  sensor(s)  will  be  attached  to  a 
free-flying  spacecraft  at  one  of  the  two  potential  altitudes  -  600  or  5600 
nautical  miles.  The  BRDF  of  the  optical  mirrors  may  be  limited  by  the 
buildup  of  spacecraft-generated  contaminants  and/or  ambient  species.  There 
is  limited  data  on  the  contaminant  environment,  particularly  the  spacecraft 
outgassing.  In  the  following,  we  have  examined  the  problem  of 
contamination  by  atmospheric  ambient  species  and  have  concluded  that  the 
primary  problem  is  atomic  oxygen.  The  build-up  is  very  sensitive  to  mirror 
temperature  and  appears  to  be  insignificant  for  temperatures  above  30 
Kelvin. 


Because  of  the  limited  data  on  spacecraft  outgassing  and  because 
of  the  dependence  of  the  return  flux  on  spacecraft  geometry,  it  appears 
that  little  can  be  stated  at  present  about  the  deposition  rates  of  these 
species.  However,  most  of  the  known  species  are  condensed  at  the  baffle 
temperatures  and,  for  reasonable  baffle  L/D,  are  reduced  significantly  by 
condensation  on  the  baffle  walls. 

2.6.2. 1  Cryopumping  of  Ambient  Species 

A  spacecraft  in  circular  orbit  at  800  kilometers  has  a  velocity 
5  -1 

of  7.5  X  10  cro-sec  ,  which  is  large  compared  to  the  thermal  velocity  of 
ambient  molecules  of  interest.  Consider  as  a  worst  case  the  situation 
shown  in  Figure  13.  The  telescope  baffle  is  aligned  with  the  velocity 
vector  of  the  satellite  and  the  material  scooped  up  by  the  baffle  will  be 
the  product  of  the  ambient  density  multiplied  by  the  satellite  velocity. 

The  rate,  R,  of  deposition  of  a  given  atomic  or  molecular  species  on  the 
primary  mirror  is  given  by: 

R  *  v$  [x]  mx  ax  (cm  sec"1) 

P 

x 

where 

v$  a  the  velocity  of  a  satellite  in  circular  orbit  at  800  km 
(7.5  X  105  cm  sec"1) 
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[x]  =  number  density  of  the  species  x  (cm"'3) 

mx  =  weight  of  an  atom  or  molecule  of  species  x  (gm) 

pv  *  density  of  species  x  at  primary  mirror  temperature  (gm 
x  _■> 
cm  •*) 

ax  =  accommodation  coefficient  (fraction  striking  surface 
which  sticks  to  it).  ‘ 


A  reasonable  stringent  criterion  is  that  the  deposition  buildup 

-9  -1 

be  less  than  0.1  urn  per  year  (3.2  X  10  urn  sec  ).  This  is  a  buildup  of  a 
thickness  equal  to  a  hundredth  of  a  wave  per  year  for  a  system  operating 
at  10  urn.  If  we  assume  an  accommodation  coefficient  of  1,  the  minimum 
number  density  of  a  species  that  can  produce  the  specified  deposition 
buildup  or  great  is  given  by 

[x]m1n  =  4.3  x  10-19  px/n.x 

Figure  14  shows  the  relative  concentration  of  ambient  species  as 
a  function  of  altitude  for  the  conditions  minimum  and  maximum  solar 
activitiy^.  For  the  species  shown  in  Figure  14,  the  calculated  values  of 
[x]mjn  are  as  follows: 


SPECIES 


(cin  ) 


1.8  X  10H 
8.0  x  103 
1.8  X  104 
9.2  X  103 
7.4  X  103 
2.0  X  10* 
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In  general,  species  whose  densities  are  less  than  10  cm  ,  or 

10  -3 

10  m  ,  are  not  a  problem.  During  periods  of  minimum  solar  activity, 

q  .3 

only  H  and  He  exceed  densities  of  8  X  10  m  above  650  kilometers  (Figure 
14).  However,  at  periods  of  maximum  solar  activity,  H,  He,  0,  Og.  and  Ng 


Concentrations  of  Atmospheric  Constituents 


10  -3 

exceed  10  m  above  600  kilometers.  We  will  consider  these  species  in  the 
following  sections. 

Ambient  Oxygen  (0  and  Op)  -  Consider  the  ambient  atomic  oxygen 
concentration.  Figure  15  shows  the  ambient  atomic  oxygen  concentration 
from  the  1976  Standard  atmosphere^  and  upper  and  lower  values  estimated 
for  maximum  and  minimum  solar  activity.  As  the  oxygen  deposits,  it  can 
react  with  the  surface  material  for  form  various  oxides.  However,  after 
tens  of  monolayers  are  built  up,  the  depositing  oxygen  is  shielded  from  the 
surface,  and  it  is  assumed  the  depositing  atomic  oxygen  will  recombine  to 
form  O^,  so  that  the  rate  of  vaporization  of  oxygen  from  the  surface  is 
determined  by  the  vapor  pressure  of  molecular  oxygen,  which  is  shown  in 
Figure  16^. 

Now,  as  mentioned  previously,  the  worst  case  is  when  the  optical 
axis  of  the  instrument  is  aligned  with  the  velocity  vector.  Since  the 
spacecraft  velocity  is  large  compared  to  the  ambient  velocity,  the  baffle 
or  plate  will  scoop  out  the  air  and  the  number  of  atoms,  N,  striking  the 
surface  is  given  by 

N  *  a  v$  [0]  *  a  7.4  X  105[0]  cnf^sec"1.  (2) 

Since  we  are  assuming  two  atoms  recombine  to  form  one  molecule,  the  number 
of  oxygen  molecules  depositing  per  second  on  the  surface  is  a  (7.4  X  10^) 
[0]/2,  and  the  number  leaving  is  jj  pvap(  8  V 

4  Wlttm  ' 

where  T  is  the  surface  temperature  in  degrees  Kelvin,  m  is  the  molecular 

2 

mass  in  grams,  and  p„an  is  the  vapor  pressure  in  dynes/cm  .  The  deposit 

Vflp 

will  build  up  if  [0]  is  greater  than  [0]min»  where 
[0]  P 

- ^  =  6.3  X  1012  (3) 
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SUNSPOT  MINIMUM 

1976  STANDARD  ATMOSPHERE 

HIGH  SOLAR  AND  GEOMAGNETIC  ACTIVITY 


Figure  15.  Limits  of  Atomic  Oxygen  Concentration  vs.  Altitude 
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Analogously, 


i 


t°2U  * 6-3  x  10 


12  vap 


(4) 


Figure  17  shows  the  dependence  of  the  minimum  oxygen 

concentration  required  for  an  oxygen  coating  to  begin  building  up  on  the 

mirror  surface  as  a  function  of  surface  temperature.  From  Figure  15,  the 

8  -3 

maximum  0  concentration  above  650  kilometers  is  10  cm"  .  From  Figure  17, 
then  0  deposition  is  significant  for  mirror  temperatures  less  than  30 
Kelvin.  Since,  from  Figure  14,  the  maximum  0^  concentration  above  650 
kilometers  is  more  than  two  orders  of  magnitude  less  than  atomic  oxygen, 
ambient  02  contamination  can  be  neglected  compared  to  that  of  atomic 
oxygen. 


If  the  optical  axis  is  not  along  he  velocity  vector,  the  material 
scooped  up  is  proportional  to  the  projection  of  telescope  aperture  in  the 
direction  of  the  velocity  vector.  Assuming  that  the  telescope  will  sample 
all  pointing  directions  (with  respect  to  the  velocity  vector)  uniformly 
reduces  the  average  deposition  by  a  factor  of  four. 

Ambient  Nitrogen  -  Following  equation  5, 

t"2W 6-3  x  10-12  —■ 

y/2 

Figure  18  shows  the  Ng  vapor  pressure  dependence  on  temperature^.  Since, 
at  the  temperature  range  of  interest  (30  -  35°K),  the  vapor  pressure  of  N2 
is  significantly  higher  than  0^  (Figure  16),  and  since  above  650 
kilometers,  the  Ng  density  Is  at  least  an  order  of  magnitude  lower  than  0, 
nitrogen  deposition  can  be  neglected  when  compared  to  0. 


TEMPERATURE  (°K) 


Figure  1$.  Nitrogen  Vapor  Pressure  vs.  Temperature 


Ambient  He  and  H  -  Figures  19  and  20  show  the  low  temperature 
vapor  pressures  for  hydrogen  (normal  boiling  point  20.129°K)  and  helium 
(normal  boiling  point  4.216°K)^^.  The  vapor  pressure  of  these  gases  is 
high,  so  that  is  not  a  problem  for  the  mirror  temperatures  we  are 
considering. 


2. 6. 2. 2  Spacecraft  Generated  Gaseous  Contamination 


At  650  kilometers  altitude  and  higher,  the  maximum  ambient 

Q 

density  occurs  during  periods  of  high  solar  activity  and  is  less  than  10 
-3 

cm  (Figure  14).  The  mean  free  path  for  a  collision  with  an  ambient 
molecule  is  on  the  order  of  100  kilometers,  and  in  the  vicinity  of  the 
spacecraft,  vapor  produced  by  outgassing  will  move  with  the  spacecraft.  If 
the  contaminant  density  in  the  vicinity  of  the  spacecraft  is  n,  then  the 
rate  at  which  the  contaminant  vapor  will  deposit  on  a  surface  is 

Deposition  rate  e  a  n  *  m  (gm/cm2-sec) 


where 

a  =  the  accommodation  factor  (fraction  of  molecules 
incident  on  a  surface  which  adhere  to  it) 

7  *  mean  velocity  of  gas  molecules  or  atoms 

T  =  temperature  In  °K 

In  general,  the  gaseous  contaminants  that  are  bothersome  are 
condensable  gases  such  as  water  vapor,  C02,  various  solvents  used  In 
spacecraft  fabrication,  etc.  At  the  mirror  temperature,  it  is  assumed 
these  gases  will  condense  and  that  valorization  will  be  negligible. 
However,  the  effect  of  these  gases  can  be  reduced  by  pumping  within  the 
baffle  walls. 

Figure  21  illustrates  the  geometry  for  baffle  pumping.  If  the 
particles  are  isotropically  distributed,  the  fraction  of  the  particle 
entering  the  telescope  aperture  which  strikes  the  mirror  without  first 
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*  SOHO  HYDROGEN 
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striking  the  baffle  is  0  /4L  .  For  a  0/L  ratio  of  1/5,  the  vapor  striking 
the  optical  surface  is  four  percent  of  the  vapor  entering  the  aperture. 

Figure  22  shows  the  capture,  or  accommodation,  coefficient  for 
several  atmospheric  gases  as  a  function  of  gas  temperature  and  surface 
temperature^^.  The  coefficient  is  defined  as  the  condensation 
probability  per  collision  on  the  cryosurface  for  molecules  having  an 
average  energy  equivalent  to  the  gas  temperature.  Only  one  surface 
temperature  was  measured  for  O2,  but  since  with  the  other  gases,  the 
coefficient  is  nearly  independent  of  cryosurface  temperature,  this  value  is 
assumed  for  all  surface  temperatures  of  interest.  The  measured 
accommodation  coefficient  for  oxygen  was  unity  for  a  kinetic  temperature  of 
77°K  and  .86  for  a  kinetic  temperature  of  300°K.  Clearly  ,  any  significant 
vapor  pressure  of  these  gases  will  present  a  contamination  problem. 

2.7  Summary  of  Contaminant  Environment 

State  of  the  art  high  straylight  rejection  IR  telescope  employ  an 

off-axis  reimaging  optical  configuration  that  can  be  readily  baffled 

optically.  The  primary  mirror  is  often  a  conic  surface  of  revolution  other 

than  a  flat  surface.  The  representative  sensor  telescopes  like  ZIP  and 
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CIRRIS  use  primary  mirrors  that  exhibit  BROF  at  10.6  urn  of  IX  10  sr 

_2 

at  1°  off  specular  and  rolls  off  as  9  where  9  is  the  off  specular  angle. 
Assuming  that  this  level  of  mirror  scatter  has  to  be  maintained  for  a 
period  of  four  years,  the  following  contaminant  environments  should  be 
addressed. 

Prelaunch 


The  primary  mirror  has  to  be  free  of  film  and  dust  prior  to 
launch  unless  one  has  a  provision  to  clean  the  mirror  on  orbit.  In  situ 
BRDF  measurement  of  clean  mirrors  contaminated  by  black  paint  (Z306/9922), 
clear  adhesive  (M-773),  or  MLI  did  not  show  any  measurable  increase  of  BRDF 
at  10.6  urn  for  deposition  thickness  up  to  0.11  urn  (see  Reference  3). 

Oxygen  cryodeposits  of  several  urn  will  significantly  degrade  the  BRDF  of  a 
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Figure  22.  Accommodation  Coeffecients  of  Common  Gases 
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clean  low  scatter  mirror.  Surface  cleanliness  of  better  than  Level  100  has 
to  be  maintained  so  that  particulate  scatter  will  be  lower  than  mirror 
scatter  levels. 


The  interior  surfaces  of  the  telescope  must  be  devoid  of 
particulates  as  much  as  possible. 

Launching 


The  launching  and  insertion  of  the  sensor/spacecraft  into  orbit 
involves  acceleration  and  vibration.  Particles  inside  the  telescope  can  be 
dislodged  during  this  period  of  time  and  come  into  contact  with  the  primary 
mirror  through  a  number  of  transport  steps.  Spacecraft  exterior  surfaces 
can  be  severely  contaminated  during  this  phase.  Generally,  the  sensor 
cover  should  be  closed  throughout  this  period.  Once  on  orbit,  the  cover 
may  still  be  closed  for  some  time  until  initial  sensor  outgassing  rate  is 
reduced  to  a  manageable  level. 

On  Orbit 


During  the  mission  lifetime,  sometimes  as  long  as  four  years, 
atmospheric  gas  species,  as  well  as  sensor/spacecraft-generated  gas 
species,  may  condense  on  the  cryogenic  optical/mechanical  surfaces.  For 
1976  standard  atmosphere,  the  oxygen  cryodeposit  thickness  is  0.35  urn  per 
four  years  at  1,000  km  at  nominal  solar  activity.  It  increases  to  350  urn 
at  maximum  solar  activity.  The  deposition  will  be  0.00012  and  0.12  urn  for 
the  10,000  km  altitude  for  nominal  and  maximum  solar  activities, 
respectively.  The  above  estimate  assumes  mirror  sticking  coefficient  of 
unity,  atomic  oxygen  recombines  into  oxygen  molecules  0^,  and  the  sensor 
LOS  points  along  velocity  vector  always. 

The  assessment  of  MLI  outgassing  contaminants  is  more  difficult. 
Since  99.5  percent  of  the  outgassed  species  will  be  water  vapor.  It  may 
present  significant  cryodeposit  problems  if  the  MLI  is  allowed  to  vent 
directly  into  the  baffle  and/or  toward  the  primary  mirror.  Due  to  the  low 


atmospheric  density  and  long  mean  free  paths  at  1000  km  and  much  more  so  at 
10.000  km  altitude,  backscattering  of  outgassed  water  vapor  is  minimal.  If 
the  MLI  is  vented  at  the  back  (i.e.,  opposite  to  the  sensor  aperture 
opening  side)  of  the  sensor,  the  water  vapor  has  to  be  scattered  by  other 
surfaces  before  it  can  come  in  through  the  sensor  aperture. 

Exterior  surfaces  on  sensor  payload  will  have  some  attached 
particles.  Various  mechanisms  can  initiate  the  release  of  these  particles. 
Examples  include  the  impact  of  micrometeoroid  and  bursting  of  bubbles  of 
trapped  gas. 
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3.0  I ACS  DESIGN  ISSUES  AND  CANDIDATE  CONFIGURATIONS 

3.1  Ion  Pumping  Mechanisms 

In  the  preceding  sections  we  have  considered  methods  which  reduce 
the  contamination  of  optical  surfaces  produced  by  the  condensation  of 
ambient  gases  and  spacecraft  outgassing.  The  effectiveness  of  these 
approaches  will  depend  on  the  orbital  parameters,  the  temperature  of  the 
optics,  and  the  nature  of  the  outgassing  material.  We  will  now  consider 
the  addition  of  an  Ion  Anti -Contamination  System  (IACS). 

The  concept  of  the  workings  of  an  IACS  can  be  broken  down  into 
three  steps: 

(1)  Gas  contaminants  are  ionized  in  localized  region  between 
entrance  aperture  and  optics. 

(2)  Ionized  contaminant  molecules  are  swept  out  by  electric 
field  perpendicular  to  optical  axis. 

(3)  These  molecules  are  deposited  on  cryogenic  surfaces  which 
are  optically  baffled  from  telescope  optics  and  are  held 
there  as  long  as  these  surfaces  are  kept  at  cryogenic 
temperature. 

A  schematic  of  an  IACS  is  illustrated  in  Figure  23.  An  artist's 
visualization  of  the  basic  concept  is  shown  in  Figure  24. 

The  mechanism  we  are  considering  is  electron  collisional 
ionization  of  the  incident  gas  and  subsequent  electric  field  removal  of  the 
ions  to  the  baffle  wall.  The  device  we  are  considering  is  similar  in 
concept  to  a  Vaclon  pump.  Figure  33  illustrates  the  basic  concept.  A 
negative  voltage  is  applied  to  the  central  cathode  and  the  cylindrical 
anode  is  grounded.  Assuming  an  initial  ionization  (e.g.,  by  cosmic 
radiation),  the  ion  will  move  directly  to  the  cathode  under  the  influence 
of  the  applied  electric  field  while  the  electron  will  be  constrained  by  the 
magnetic  field  to  follow  a  cycloidal  path.  Both  particles  are,  in  fact, 
affected  by  the  magnetic  field,  however,  the  radius  of  gyration  is  directly 
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PRIMARY  LOW 


Figure  24.  Ion  Anti  contamination  System 


proportional  to  the  mass;  and  the  mass  (and  therefore  the  Larmor  radius)  of 
an  H2O  ion  is  3.3  X  10  larger  than  that  of  an  electron.  In  order  to  move 
rapidly  to  the  anode,  the  electron  must  collide  with  the  ambient  gas.  At 
the  normal  operating  voltage,  a  number  of  the  collisions  will  be  ionizing 
and  electron  multiplication  will  take  place.  Subsequently,  the  electron 
avalanche  will  migrate  to  the  anode  and  additional  electrons  will  be 
produced  at  or  near  the  cathode  by  such  mechanisms  as  ion  recombination  on 
the  walls,  photoelectron  production,  field  emission,  etc.  The  desired 
operating  condition  is  a  self-sustaining  series  of  avalanches,  and  this  is 
the  normal  mode  of  operation  of  a  Vaclon  pump.  However,  it  can  be  readily 
seen  that  there  is  a  space  charge  limit  on  the  electron  density,  and  that 
limit  occurs  when  the  potential  due  to  the  electron  cloud  is  equal  and 
opposite  to  the  applied  potential.  The  maximum  electron  density  is 

where  ^Ne^max=  (electrons/m^) 

De 

Eo  =  8.85  X  10"12  c2/n  m2 

V  *  Voltage  between  anode  and  cathode  (V) 

D  =  Diameter  of  cathode  (m) 

The  electron  density  then  is  proportional  to  the  ratio  of  the 
applied  voltage  to  the  square  of  the  cathode  c'iameter. 


Effectiveness  of  Ion  Pumping  in  the  Optical  Path 


Consider  the  top  configuration  shewn  in  Figure  25.  As  the 
contaminant  gas  flows  through  the  plasma  region,  it  will  be  ionized  and 
removed  by  a  superimposed  electric  field.  The  fraction,  F,  of  the  incident 
gas  that  traverses  the  plasma  region  un-ionized  (and  therefore,  that 
fraction  that  can  coat  the  optics)  is  given  by 


F  .  «-frVe1/,g) 


where 


-10  2 

ionization  cross  section  (*  is  4  X  10  cm  for 

ionization  of  H,0  by  a  1  keV  electron) 

^  -3 

electron  density  (cm  ) 

Q  1 

mean  electron  velocity  (2  X  10  cm  sec  for  a  1  keV 
electron) 

length  of  the  plasma  region  along  the  baffle  axis  (cm) 
mean  gas  velocity  along  the  optical  axis  (cm-sec"1) 


If  we  take  1  to  be  40  inches  (100  cm)  and  use  the  values  given 
above  for  1  keV  electrons  on  HgO,  then 


N 

-6  e 


InF  -  -8  X  10 


The  anticipated  gas  flow  velocity,  vg,  will  be  in  the  range  of  1 
to  5  X  104  cm-sec"1.  The  following  table  evaluates  F  as  a  function  of 
electron  density  and  vg: 


Vgfem-sec"1) 


v  *  104 
9  4 
2  X  10* 

5  X  104 


Ne  =  5  X 

109  cm"3 

1010  cm"3 

2  X 

1010  cm"3 

1.8  X 

10"2 

3.4  X  10"4 

1.1 

X  10"7 

1.4  X 

10"1 

1.8  X  10'2 

3.4 

X  20"9 

4.5  X 

10"1 

2  X  10”1 

4.1 

X  10"2 
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Figure  25.  Electron  Ionization  Pumping 


The  exponential  dependence  of  F  on  the  ratio  Ng/Vg  is  obvious 

from  the  table.  The  basic  problem  in  the  instrument  design  is  to  produce  a 

10  -3 

region  of  high  electron  density  (/v2  X  10  cm  )  in  the  optical  path. 

Other  parameters  that  affects  the  efficiency  are  ionization  cross 
section,  mean  electron  velocity,  mean  gas  velocity  along  the  optical  axis, 
and  the  interaction  length. 

The  ionization  cross  section  decreases  as  the  electron  energy 
increases  so  that  the  product  of  the  ionization  cross  section  and  mean 
electron  velocity  is  approximately  constant.  (Figure  26).  The  effects  of 
varying  the  other  parameters  are  discussed  below. 

3.3  Interaction  Length  &  Forebaffle  Conductance 

Increasing  the  interaction  length  would  increase  the  dwell  time 
thus  the  pumping  efficiency  at  a  specific  electron  density.  However,  the 
interaction  length  is  limited  by  the  maximum  volume  of  the  baffle  system  as 
well  as  the  maximum  power  consumption. 

The  mean  gas  velocity  along  the  optical  axis  can  be  reduced  by 
placing  a  tubular  section  in  front  of  the  ionization  region.  This  is 
because  at  these  sensor  altitudes  the  gas  flow  is  molecular  flow  so  that 
the  conductance  of  the  tubular  region  will  reduce  the  gas  fow  rate  into  the 
ionization  region.  For  example,  a  section  of  a  length  to  diameter  ratio  of 
1  and  2  can  reduce  flow  to  51%  and  36%  respectively.  Therefore,  the  net 
deposition  on  the  mirror  will  be  reduced  accordingly.  If  the  baffle  is 
cold  enough  to  cryopump  the  gas  contaminats,  the  flow  rate  is  further 
reduced. 


3.4  IACS  Candidate  Configurations 

The  configuration  shown  in  Figure  25  performs  two  of  the  three 
functions  required  for  IACS.  It  provides  a  stable  electron  trapping  region 
and  a  mechanism  for  removal  of  the  ions.  However,  the  ions  on  reaching  the 
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cathode  are  neutralized  and  unless  something  else  is  done  they  are  returned 
to  the  gaseous  state.  Commercial  Vaclon  pumps  use  a  large  titanium  cathode 
with  which  the  active  ions  will  chemically  react  and  in  which  nonactive 
species  (H,  He,  and  Ar)  can  diffuse  or  be  buried.  In  addition,  the 
impinging  ions  continually  sputter  a  fresh  coat  of  titanium  within  the  pump 
with  which  neutral  active  gases  will  react.  Additional  pumping  capacity 
can  be  achieved  by  sublimating  (thermally  evaporating)  titanium  onto  the 
pump  wall.  Significantly  higher  pumping  speeds  can  be  obtained  by 
sublimating  the  titanium  onto  cryogenical ly  cooled  walls. 

In  order  to  incorporate  titanium  sputtering  effectively,  the 
cathode  design  must  be  modified  from  that  shown  in  Figure  25.  Figures  27 
and  28  are  a  schematic  and  an  isometric  drawing  of  a  standard  Vaclon  pump. 
The  anode  is  cylindrical  with  two  flat  plates  for  a  cathode  while  the 
radial  electric  field  is  maintained  by  two  small  cylindrical  cathodes 
extending  inside  the  cylindrical  anode.  The  superimposed  magnetic  field  is 
parallel  to  the  anode  axis.  This  particular  pump  which  has  a  pumping  speed 
of  two  liters  per  second  is  operated  at  3500  Vdc  and  uses  a  1200  gauss 
magnetic  field  for  electron  containment. 

Figure  29  illustrates  conceptually  the  two  configurations  we  have 
considered.  In  the  first,  the  ionization  region  is  in  the  primary  optical 
path  of  the  beam.  In  the  second,  the  ionization  region  is  in  the  walls  of 
the  baffle,  a  region  that  is  not  viewed  by  the  telescope.  The  principal 
advantage  of  pumping  In  the  optical  path  is  that  all  the  gas  entering  the 
telescope  goes  through  the  ionization  region.  This  approach  is  discussed 
in  Section  3.4.1.  The  peripheral  pump  has  the  advantage  of  being  out  of 
the  optical  line  of  sight  of  the  telescope.  In  this  case,  any  radiation 
produced  in  the  ionization  region  can  be  removed  using  conventional  stray 
light  suppression  techniques.  The  preliminary  evaluation  of  the  radiation 
question  Is  positive;  that  is,  the  identified  radiation  sources  will  not 
degrade  the  optical  performance.  However,  this  preliminary  evaluation 
cannot  be  considered  definitive.  The  peripheral  pump  design  is  discussed 
In  Section  3.4.3.  Section  3^5.  discusses  the  magnetic  field  required  for 
containment  and  weight  and  power  budgets  for  various  types  of  magnets. 


-53- 


PUMPING  IN  OPTICAL  PATH 


Pump  Configurations 


3.4.1  Circular  Aperture  Pump  (Configuration  1) 


In  the  previous  section,  the  maximum  election  density  inside  a 
filamentary  cathode  was  given  as 


16£0v 


electrons/m3 


or 


8.5  X  108V  electrons/m3 

"  V  " 

16  3  2 

For  the  densities  we  are  considering  (2  X  10  electrons/m  ),  V/D  must  be 
at  least  2.4  X  107  V/mZ. 

For  a  reasonable  operating  voltage  (ten  of  kilovolts),  the  maximum 
anode  diameter  is  a  few  centimeters.  If  we  scale  up  the  device  shown  in 
Figure  27  to  a  cathode  diameter  of  20  cm,  the  operating  voltage  would  be  in 
excess  of  300  kV.  The  feasibility  of  operating  these  devices  at  such  high 
voltages  is  open  to  question.  Since  standard  commercial  devices  operate  at 
electron  densities  of  less  than  10  cm  ,  even  higher  voltages  may  be 
required  to  reach  the  desired  electron  densities.  In  addition,  a  novel 
anode  cathode  design  is  required  for  this  type  of  pump  since  the  elements 
may  not  intrude  into  the  optical  path.  Such  a  configuration  is  shown 
conceptually  in  Figure  30.  A  more  detailed  study  is  required  to  evaluate 
the  electron  density  obtainable  with  this  configuration.  One  potential 
advantage  of  such  a  scaled  up  device  is  that  the  required  magnetic  field 
scales  inversely  with  the  cylinder  diameter.  The  required  magnetic  field 
is  then  on  the  order  of  a  hundred  gauss. 

The  dependence  of  operating  voltage  and  magnetic  flux  density  on 
the  optical  aperture  diameter  are  illustrated  in  Figure  31.  The  ion 
pumping  device  must  have  the  optical  diameter  as  a  minimum  inner  diameter 
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igure  30.  Conceptual  Design  of  Axial  Pump 


since  no  obstruction  of  the  optical  aperture  is  allowed.  It  is  obvious 
from  this  figure  .that  for  a  moderate  optical  diameter  of  20  cm,  the 
operating  voltage  will  be  700  kilovolt  for  electron  density  of  2  X  101® 

3 

cm  ,  and  the  magnetic  flux  density  will  be  300  gauss. 

The  highest  electron  density  that  was  reported  on  this  type  of 

ion  pump  was  0.8  x  10^  cm'*  at  operating  pressure  of  10"^  torr.  A  factor 

cf  2.5  increase  is  considered  a  reasonable  extrapolation.  Figure  32  shows 

the  election  density  dependence  on  operating  pressure  for  a  device  diameter 

of  2.54  cm.  It  is  evident  that  the  electron  density  can  be  stable  over  at 

-5  -10 

large  pressure  range  from  10  down  to  10  torr  for  various  applied 
voltage.  The  electron  density  versus  applied  voltages  is  cross  plotted  in 
Figure  33.  An  equivalent  applied  electric  field  is  also  included. 

10  -3 

For  nominal  electron  density  of  2  X  10  cm  and  1  KeV  electrons, 
a  one  percent  transmission  efficiency  can  be  obtained  if  the  gas  molecules 
dwell  in  the  ionization  region  for  2.88  milliseconds.  Figure  34 
illustrates  the  trade  off  between  interaction  lenth  and  the  maximum  gas 
velocity  that  can  be  effectively  pumped.  Figure  35  summarizes  the 
parameters  for  a  8  inch  diameter  aperture  and  a  40  inch  diameter  aperture 
design. 

3.4.2  Rectangular  Aperture  Through  Pump  (Configuration  2) 

The  second  IACS  configuration  is  a  novel  pumping  arrangement 
which  may  provide  the  required  electron  density  without  the  very  high 
voltages.  This  arrangement  is  suitable  for  a  rectanular  aperture. 
Essentially,  one  has  taken  the  standard  ion  pump  single  cell  configuration 
and  cut  the  pump  into  two  halves  such  that  each  half -pump  has  a  cylindrical 
anode  and  a  cathode.  (See  Figure  36).  A  number  of  these  half-pumps  are 
stacked  side-by-side  to  form  a  closely  packed  array.  Two  arrays  are  placed 
one  above  and  one  below  the  rectangular  optical  aperture  along  the  baffle 
such  that  each  half-pump  will  be  directly  opposite  another  one  on  the  other 
side.  The  magnetic  field  will  be  directed  parallel  to  the  anode  axes. 
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Each  half-pump  will  generate  a  dense  electron  cloud  within  the  anode.  The 

electron  cloud  will  spill  over  into  the  gap  between  the  diametrically 

positioned  anodes  and  be  constrained  to  a  spiral  path  by  the  magnetic 

field,  thus  ionizing  the  gas  molecules.  A  point  design  of  this 

configuration  for  a  rectangular  aperture  of  10  cm  by  50  cm  and  measuring 

100  cm  long  requires  87  KV  and  consists  of  400  half-pumps.  (See  Figure 

_2 

37).  This  IACS  can  provide  attenuation  of  10  for  a  gas  kinetic 
temperature  of  450  Kelvin.  The  electromagnet  required  for  this 
configuration  dissipates  250  watt  if  operated  at  100  Kelvin.  More  detailed 
field  calculations  are  required  to  further  evaluate  this  concept. 

Figure  38  summarized  the  parameters  for  a  4  inch  by  20  inch  as 
well  as  a  16  inch  by  80  inch  design. 

3.4.3  Circular  Aperture  Peripheral  Pump  (Configuration  3) 

This  approach  has  two  advantages.  The  pump  region  is  outside  the 
optical  field  of  view,  and  therefore,  conventional  stray  light  rejection 
techniques  may  be  used.  In  addition,  all  the  incident  atoms  strike  a 
surface  which  may  be  used  as  a  getter.  Use  of  the  surface  as  a  getter  may 
allow  one  to  operate  at  electron  densities  significantly  less  than  in  the 
case  discussed  in  the  previous  section.  Also,  molecules  reflected  from  a 
cold  surface  will  undergo  a  loss  of  kinetic  energy,  and  therefore  a 
velocity  loss. 

Two  configurations  have  been  considered,  one  an  annular  cylinder 
shown  in  Figure  39,  and  the  second,  a  peripheral  array  of  pumps  shown  in 
Figure  40.  Both  configurations  are  relatively  straightforward  and  provide 
comparable  electron  densities.  For  a  potential  difference  of  3000  volts, 

Q 

the  electron  density  in  the  configuration  shown  in  Figure  39  is  3  X  10 
-3  9 

electrons  cm  ,  while  it  is  4  X  10  for  the  configuration  shown  in  Figure  40. 
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Figure  39.  Peripheral  Pump  Configuration  1 


These  peripheral  pumps  ideally  would  be  functionally  equivalent 
to  a  cryobaffle  with  unity  sticking  coefficient. 

3.4.4  RF  Ion  Getter  Pump  (Configuration  4) 

The  RF  configuration  does  not  require  any  steady  state  magnetic 
field,  therefore,  the  power  and  weight  constraints  associated  with 
solenoids  or  magnets  disappeared.  This  configuration  comprises  of  a 
rectangular  resonant  cavity  which  is  excited  by  RF  oscillations  while 
concurrently  electrons  are  injected  into  the  cavity.  The  conceptual 
arrangement  is  shown  in  Figure  41.  The  cavity  is  basically  a  rectangular 
box  that  is  open  in  the  front  and  back  sides  to  accommodate  the  optical 
aperture.  The  optical  aperture  will  have  a  length  of  LQpt  and  a  height  of 
Hopt*  dimension  between  the  front  and  back  sides  will  be  d  along  the 
sensor  LOS  axis. 

The  RF  oscillation  and  electrons  are  injected  from  the  same  side 
of  the  cavity  wall.  The  electrons,  being  of  low  mass,  follow  the 
transverse  accelerations  (i.e  up  and  down  the  optical  aperture)  while 
crossing  the  optical  aperture  to  the  opposite  side,  thus  increases  the 
ionization  probability  of  gas  contaminants.  The  heavier  gas  ions  are  drawn 
to  the  collector  plates  on  top  and  below  the  line  of  sight. 

The  pumping  speed  S  is  proportional  to  the  total  "ionization 
volume"  Vg  given  by 


in  which  A$  is  the  electron  source  area  and  L^on  is  the  total  ionization 
path  during  the  electron's  transversal  of  the  aperture  area  -  itself  a 
measure  of  electron  lifetime. 


In  order  to  obtain  a  first  order  estimate  of  L^on»  an  analytic 
expression  for  the  cavity  Q  was  obtained.  Q,  of  course,  is  a  measure  of 
the  energy  lost  in  the  cavity  -  specifically. 


Schematic  Drawing  of  Ion  Getter  Pump 
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which  Is  readily  seen  to  be  given  by  £ 
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in  which  dQ  is  a  characteristic  length  of  the  symmetic  function  fs2  (c). 
Assuming  that  the  integral  of  the  latter  is  about  unity,  one  obtains  for 
the  cavity  dimensions  LQpt  =  0.5  m,  a  =  0.3  m  and  dQ  *  5.0  m. 
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3.32  X  10-12 
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En* 
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It  is  seen  that  U  decreases  with  m,  while  Q_  increases.  The 
mn  m 

power  dissipation  in  the  cavity,  however,  is  linearly  dependent  upon  the 
cavity  frequrency  fc.  Further,  it  is  clear  that  L^Qn  is  directly  related 


The  computer  aided  estimate  of  Lion  revealed  that  certain 
selection  of  m*n  and  selection  injuction  conditions  led  to  unstable 
trajectories  -  i.e.,  the  electrons  were  simply  transported  out  of  the 
ionization  region  regardless  of  whether  or  not  they  were  injected  on-axis 
with  zero  transverse  velocity  or  not.  For  other  frequencies  the  election 
trajectories  were  oscillatory  and  confirmed  and  appeared  to  conform  to  the 
empirical  form. 
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in  which  is  a  characteristic  of  the  cavity  dimension,  m  -  n  is  the 
cavity  mode,  EQ  is  the  RF  field  amplitude,  and  Va  is  the  injection  voltage 
of  the  electrons. 

It  is  seen  that  P  is  relatively  insensitive  to  m  incrasing  only 

very  slightly  with  m.  The  above  approimate  relation  allows  the  estimation 

of  the  power  required  for  a  given  pumping  speed.  It  is  seen  from  the  above 

that  for  a  typical  cavity  Q  of  104  for  m  -  n-  100  and  the  other  parameters 

as  cited,  a  2  Kwatt  cavity  dissipation  barely  doubles  the  pumping  speed. 

Additional  power  will  be  consumed  by  the  electron  source  current  for  a 

given  pressure  differential  across  the  RF  cavity.  Figure  42  summarizes  the 

critical  parameters  for  4  optical  apertures  and  the  required  power  for  the 

pump  system.  It  is  assumed  that  the  required  pumping  speed  goes  up  as  the 

2 

aperture  is  increased.  Aperatu re  pumping  speed  of  10  1/s/cm  is  assumed. 
P^/Po  is  the  differential  pressure  ratio  across  the  RF  cavity,  P$  is  the 
total  power  consumption,  Ac  is  the  electron  source  area,  V,  is  the  electron 
injuection  potential  and  T  is  the  cavity  temperature. 

From  the  table  in  Figure  42,  it  is  seen  that  the  pump  power 
requirements  are  not  at  all  sensitive  to  P^  /?  for  P^/P^O.Ol .  That  is 
simply  due  to  the  fact  that  the  "price  of  entry"  is  really  the  power 
required  to  achieve  P^/Po  a  0.1  -  below  that  required  only  small  extra 
increment  of  power.  Notice  that  the  last  two  entries  represent  both  a 
factor  of  the  reduction  in  Aopt  over  the  50  X  30  cm  aperture  assumed  in 
the  first  two  entries.  The  last  entry  of  31.4  cm  X  21.1cm  represents  a 
smaller  aperture  length/height  aspect  ratio.  The  required  power  goes  up  as 
the  aperture  area  is  reduced  by  two  when  compared  with  the  entry  above. 

One  may  then  simply  conclude  that  the  RF  ion  pump  may  be  useful  for  IR 
system  using  a  slit  aperture.  For  example  a  scanned  aperture  with  a  50  cm 
X  5  cm  slit  aperture  would  require  about  3-4  K  watt  to  protect  the  primary 
mirror. 


Figure  42.  Pump  Power  Estimates 


3.4.5 


Particulate  Pump  (Configuration  5] 


An  orbit  particle  ejection  rate  and  velocity  due  to  meteroid 
impact  of  surface  particle  contamination  was  estimated  for  IRAS.^12^  It 
reproduced  in  the  following  table.  Similar  particle  ejection  velocities 
are  assumed  for  the  design  of  a  particulate  pump. 


It  is 


Table  3.  Particle  ejection  rate  due  to  micro  meteoroid  impact; 

2 

satellite  surface  area,  30  m  ,  surface 
6  ? 

cleanliness,  10  particles/m  (level 


Size  range  (urn) 


500  per  MIL-STD-1246A) 


Ejection  rate  (hour"1) 


Most  probable 
velocity  (cm/ sec) 


15-25 

25-35 

35-45 

45-55 

55-65 

65-75 

75-85 

85-95 

95-105 


The  particulate  pump  consist  of  a  electron  cloud  generation 
region  and  a  deflection  region.  Figure  43  illustrates  the  basic  concept. 
The  electron  cloud  is  generated  by  a  magnetically  confined  gas  discharge 

Q  .3 

within  the  anode.  A  election  density  of  4.25  X  10  cm  is  sufficient  to 
attach  100  electrons  on  a  1  urn  spherical  particle  within  an  ionization 
region  of  30  cm  long.  Generation  of  this  electron  density  within  an  anode 
of  12  inches  in  diameter  would  require  44.6  KV  and  an  axial  magnetic  field 
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Figure  43.  Particulate  Pump  Configuration 


Optical  Clear  Aperture 
Anode  Diameter 
Anode  Length 
Cathode  Length(s) 

Defl.  Plate  Length 
**  Device  Length 
Applied  Voltage 
Magnetic  Flux  Density 
Electronic  Current 
Drain  Power 
Solenoid  Height 
Solenoid  Power 
*Max.  Particle  Velocity 
6.03  m/s 
3.64 
0.60 


8  Inches 
12  Inches 
30  cm 
5  ♦  X  cm 
20  cm 
50  cm 

44.6  KV 
280  Gauss 

330  uA  9  10 Torr. 

14.7  watt 
36.4  lbs. 

45  watt 

Particle  Diameter 
1  pm 
10 


*  IRIS  Vp<lm/s 

**  Device  Length  20"  for  a  12"  Aperture 


Figure 


Particulate  Pump  Parameter  Summary 
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of  280  gauss.  A  set  of  parallel  plates  charged  up  to  the  same  potential 
can  deflect  the  1  urn  particle  within  10  cm  if  the  particle  velocity  is  less 
than  6  m/sec.  The  maximum  velocity  allowed  for  10  and  100  urn  particles  are 
3.64  and  0.60  m/sec  respectively.  The  magnetic  field  can  be  generated  by  a 
solenoid  of  36  pounds  while  consuming  45  watts  in  joule  heating. 

Figure  44  summarized  the  various  parameters  for  the  particulate  pump. 
Figure  45  illustrated  how  this  pump  may  appear  if  integrated  in  a  CIRRIS  - 
type  telescope. 

3.5  Magnetic  Field 

To  maintain  the  required  electron  density  in  the  pumping  region  a 
magnetic  field  is  often  required.  Methods  of  maintaining  the  required 
field  strength  in  the  spacecraft  environment  are  discussed.  A  nominal 
magnetic  flux  density  of  250  gauss  has  been  used  to  compare  technologies. 


Three  possible  variations  in  field  configuration  are  shown  in 
Figure  46.  The  use  of  a  permanent  magnet  to  maintain  this  field  is 
considered  because  it  would  be  a  passive  system  and  thus  have  no 
temperature  or  power  requirements.  These  advantages  are  outweighed  by  a 

3 

weight  of  greater  than  10  kilograms  for  geometries  a  and  b  in  Figure  46. 
Geometry  c  could  be  provided  using  a  somewhat  lighter  permanent  magnet 
configuration  which  obstructs  a  fraction  of  the  annular  field  region. 

The  use  of  an  electromagnet  to  maintain  the  required  field  has 
been  investigated.  Three  winding  configurations  are  shown  in  Figure  47. 
These  configurations  are  based  upon  a  simple  solenoid  where  the  flux 
density  is  defined  as 

B  *  uQJHWb/m2 

where 

uQ  =  4if X  10"7  MKS  units 

Ni  =  Amp  turns  of  winding 

1  *  length  of  solenoid  winding  (m) 


Configuration  I  splits  the  solenoid  into  two  separate  coils  to 
product  a  uniform  B  fixed  across  the  baffle  region.  The  overall  size  of 
these  coils  may  be  reduced  but  only  by  reducting  B  field  uniformity. 
Configuration  II  is  a  simple  solenoid,  and  Configuration  III  uses  magnetic 
pole  pieces  having  a  high  permeability  to  constrain  the  generated  flux  to 
an  annular  region  around  the  baffle. 

It  can  be  shown  that  the  winding  weight  of  a  magnetic  solenoid  is 
proportional  to 

(BLD)2 

P 

where 

B  =  required  flux  density 

L  =  magnetic  coil  length 

D  =  magnetic  coil  diameter 

P  s  coil  power  dissipation 

The  winding  is  assumed  to  be  of  copper  wire  at  a  specified 
temperature.  It  should  be  noted  that  the  winding  weight  is  independent,  in 
the  first  order,  of  wire  size  and  current.  The  winding  power  dissipation 
is  due  to  winding  resistance.  Thus,  if  the  coil  were  cooled  from  295°K  to 
100°K,  there  will  be  a  factor  of  five  reduction  in  winding  resistance  or, 
if  spacecraft  power  is  budgeted  to  a  fixed  value,  an  equal  reduction  in 
winding  weight. 

If  the  winding  temperature  can  be  reduced  to  below  30°K,  a 
superconducting  magnet  is  possible.  This  would  increase  the  complexity  of 
the  pumping  system  but  it  would  permit  the  maintenance  of  greater  field 
flux-densities  while  essentially  requiring  no  electrical  power  input.  Flux 
densities  of  5  X  10^  gauss  are  routinely  achieved  in  superconducting 
solenoids. 

Typical  power  requirements  and  weights  for  the  three  technologies 
are  given  in  the  following  table: 


25  cm  CLEAR 
APERTURE 

B) 


C) 


B 


OPTICAL 


Table 

Estimated  Power  Requirements  &  Weights  of  Three  Magnet  Designs 

WEIGHT  (kg) 
CONFIGURATION 
I  II  III 

POWER  (W) 

CONVENTIONAL  (295°K)  ELEC- 


TROMAGNET 

50 

900 

750 

700 

COOLED  (100°K)  ELECTROMAGNET 

50 

200 

150 

150 

SUPERCONDUCTING  ELECTROMAGNET 

250 

250 

250 

3.6  High  Voltage  Engineering  Considerations 

The  design  of  electrodes  with  stand-off  voltages  greater  than 
100,000  V  Involves  fairly  massive  structures  of  high  purity  alumina 
Insulators  of  length  commensurate  with  a  general  rule  of  thumb  that  It 
requires  a  one  Inch  leakage  path  for  every  lOKV.The  above  Is  usually 
accomplished  by  corrugating  the  surface  which  extends  the  surface  as: 

wherein  L  Is  the  length  of  the  Insulator,  D  Is  Its  diameter,  N  the  number 
of  corrugations,  Is  a  normalized  variable,  and  o £  Is  the  ratio 

of  corrugation  depth  to  the  diameter.  An  additional  vlrture  of  the 
corrugation  Is  that  fact  that  deposits  that  collect  on  the  Insulation  In  a 
vacuum  will  not  form  a  continuous  film. 

All  electrodes  must  be  highly  polished  and  given  a  radius  such 
that  the  field  near  the  surface  doesn't  exceed  250  KV/ln.  This  Is 


especially  important  in  very  high  and  ultra  high  vacuum  systems  in  which 
very  clean  surfaces  and  small  particulates  or  rough  spots  on  the  electrodes 
may  initiate  a  brakdown  through  a  field-emission  induced  townsend 
discharge. 

Materials  that  must  be  avoided  in  the  presence  of  high  voltages 
include  tin  and  cadmium  which  have  a  tendency  to  grow  whiskers  in  areas  of 
high  field  stress.  All  high  voltage  electrodes  must  be  conditioned  prior 
to  their  use  in  the  vaccum  system.  This  process  repeatedly  cycles  the  high 
voltage  gear  up  and  down  with  high  impedance  current  limiters  in  series  to 
limit  the  breakdown  current  after  an  arc  or  spark  occurs. 

It  should  be  noted  that  HV  insulators  charge  up  during  operation 
which  may  cause  fluorescence  -  usually  in  the  visible  but  I  have  not  heard 
that  there  is  no  attendant  IR  radiation  as  well.  Should  an  arc  or 
breakdown  occur  within  an  HV  system,  that  system  will  no  longer  be  able  to 
maintain  the  design  voltage  because  the  arc  usually  creates  melt  craters  in 
opposing  electrodes  and  metal  vapor  deposts  on  insulating  surfaces.  It  is, 
therefore,  good  practice  to  choose  material  of  high  melting  point  such  as  W 
or  Mo  as  electrode  material.  The  difficulty  with  the  refractory  metals, 
however,  lies  in  the  fact  that  they  are  difficult  to  polish  since  they  are 
generally  of  a  sintered  material.  However,  there  are  Mo  alloys  such  as 
Ti/Al/Mo  which  are  often  used  as  anode  material. 

Finally  EHV  systems  must  have  pressure  sensitive  interlock 
arrangements  that  prevent  an  accidental  turn-on  of  the  high  voltage  when 
the  pressure  is  still  high,  since  a  breakdown  is  certain  as  can  be  seen  in 
the  Figure  48.  It  is  seen  there  that  the  electric  field  only  need  be  on 
the  order  of  100-300  V/cm  to  cause  breakdown  at  1  Torr. 
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EFFECTIVENESS  EXPERIMENT  CONCEPTUAL  DESIGN 


The  pumping  efficiency  of  an  IACS  design  should  be  measured  so 
that  the  various  candidate  designs  can  be  evaluated  in  terms  of  their 
effectiveness  in  reducing  the  flow  rate  of  the  contaminants  through  the 
IACS. 


An  experimental  setup  to  measure  the  effectiveness  of  various  ion 
pump  configurations  is  shown  in  Figure  49.  The  experiment  description  is 
summarized  in  Figure  50.  A  modified  commercial  ion  pump  will  be  used  to 
model  the  proposed  IACS  configuration.  Scaling  laws  will  be  used  to 
project  the  results  to  the  proposed  IACS  configuration. 

The  experiment  will  be  conduced  inside  a  vacuum  chamber  of  modest 
dimensions  (i.e.,  12"  D  X  36"L).  The  interior  volume  of  this  chamber  will 
be  divided  into  two  partitions.  The  modified  ion  pump  will  be  mounted  at 
an  orifice  which  opens  to  both  volumes.  A  valve  will  be  mechanized  which 
can  be  opened  or  closed  so  that  gas  particles  in  the  two  volumes  can  flow 
freely  back  and  forth  or  can  be  isolated  completely.  The  contaminant  gas 
is  connected  to  volume  1  (VI)  of  the  chamber  through  an  automatic  pressure 
controller  which  can  regulate  the  flow  rate  of  contaminants  into  the  V2.  A 
pressure  gauge  will  monitor  the  VI  pressure  continuously. 

The  other  volume  (i.e.  V2)  of  the  chamber  is  connected  to  two 
pumps.  A  turbomolecular  pump  which  is  backed  up  by  a  diffusion  pump  is 
used  to  pump  V2  from  atmospheric  pressure  down  to  10”^  torr.  A  valve  will 
be  closed  to  isolate  the  turbomolecular  pump  from  the  chamber  volume  once 
this  pressure  is  obtained.  The  other  connected  pump  is  an  ion  pump  which 
will  be  used  to  pump  down  VI  and  V2  to  the  lowest  pressure  possible  when 
the  modified  ion  pump  under  test  is  turned  off  and  the  partition  gate  valve 
is  opened.  This  ion  pump  can  be  used  to  monitor  the  pressure  as  well  as 
the  outgassing  rate  of  the  chamber  by  measuring  the  current  drawn  through 
its  power  supply  and  use  of  a  calibration  curve.  The  chanter  has  to  be 
cleaned  thoroughly  and  baked  before  pumpdown  to  reduce  che  condensables  on 


Figure  49.  Effectiveness  Experiment 


PUMPING  RATE  AT  CONSTANT  PRESSURE  RATIO  IS  A  DIRECT  MEASURE 
OF  EFFECT I VITY 


the  interior  walls.  A  stainless  steel  chamber  with  metal  gaskets  at  all 
mechanical  interfaces  will  provide  optimal  chamber  residual  pressure.  The 
chamber  is  held  at  room  temperature. 

Upon  satisfactory  pumpdown  on  the  chamber,  the  partition  valve  is 
closed  and  contaminant  gas  is  introduced  into  VI.  The  test  pump  is  turned 
on.  The  automatic  pressure  controller  will  meter  the  contaminant  flow  rate 
so  that  a  constant  pressure  is  established  in  VI.  The  gate  valve  at  the 
chamber  partition  is  now  opened  so  that  contaminant  gas  can  flow  through 
the  test  pump  into  V2.  The  monitoring  ion  pump  will  keep  V2  pumpea  down, 
as  well  as  monitoring  the  flow  rate  of  contaminants  through  the  test  pump. 
After  the  pressures  in  VI  and  V2  are  stabilized,  one  can  measure  directly 
the  conductance  of  the  test  pump. 
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5.0 


1R  RADIATION  ANALYSIS 


Figure  51  illustrates  the  spectral  positions  of  various  bands  of 
atmospheric  constituents.  Vertical  lines  correspond  to  the  positions  of 
the  fundamental  vibration/rotation  bands  of  the  species  listed.  Rotational 
bands  tend  to  fall  in  the  LWIR  while  electronic  bands  of  relatively  low 
lying  states  fall  primarily  in  the  UV  to  SWIR.  Both  "hot"  and  combination 
bands  of  the  species  listed,  as  well  as  other  contaminant  molecules,  will 
fall  throughout  the  infrared,  as  will  Rydberg  transitions  from  highly 
excited  atoms  and  molecules.  Lastly,  electron-neutral  and  electron-ion 
Bremsstrahlung  are  continuous  processes  which  will  provide  radiation 
throughout  the  spectral  region  shown. 

Figure  52  shows  potential  excitation  mechanisms  introduced  by 
electron  irradiation  of  gases  within  an  enclosing  chamber.  Creation  of 
excited  states  will  ultimately  lead  to  radiation. 

Figure  53  is  a  schematic  of  one  possible  configuration  for  the 
ion  anti-contamination  system.  Various  quantities  are  as  defind. 

Figure  54  summarizes  typical  ion  pump  operating  conditions  for 
the  schematic  of  Figure  53  nfi  is  electron  density,  V.  voltage,  nN  and  VN, 
neutral  density  and  velocity,  respectively,  and  ^  is  the  characteristic 
molecular  residence  time. 

Figure  55  shows  upper  bound  radiational  levels  which  might  arise 
for  the  scenario  of  Figure  53  and  a  direct  excitation  process.  Typical 
band  parameters  for  a  10  urn  radiator  have  been  applied.  The  quantity  a  is 
a  measure  of  the  electron  collison  efficiency  for  excitation. 

Figure  56  is  a  plot  of  blackbody  radiance  vs.  wavelength  for 
several  temperatures.  Predicted  non-equilibrium  radiance  levels  can  be 
contrasted  to  that  for  a  blackbody  background  at  a  specific  temperature. 


gure 
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1.  Direct  excitation 

e  +  x  —  e  +  x* 

2.  Dissociative  excitation 

e  ♦  AB  —  e  +  A  +  B* 

3.  Excitation  by  ionization 

e  +  AB  -  AB+*  +  2e 
e  ♦  AB  -  A(A#)  ♦  B+*(B+)  +  2e 

i\.  Recombination  radiation 
x+  +  e  —  x* 

5.  Bremsst rah lung 

6.  Electron/ion-surface  interactions 


Figure  $2 .  Sources  of  Radiation 
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Figure  57  is  an  estimate  of  radiation  levels  resulting  from 
recombination  radiation  (i.e.,  through  creation  of  Rydberg  states)  and 
Bremsstrahlun  radiation.  The  low  electron  densities  and  short  ion 
lifetimes  make  these  processes  unimportant  sources  of  radiation. 

Figure  58  gives  the  conclusions  of  the  radiation  analysis. 
Potential  radiation  levels  due  to  surface  interactions  are  difficult  to 
assess  given  the  limited  data  base.  Such  effects  should  be  invetigated 
experimentally. 


1.  Direct  excitation  marginally  important 


2.  Recombination,  Bremsstrahlung  unimportant 


3.  Surface  interactions  not  assessed 
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Figure  58.  Summary 
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EXPERIMENTAL  PLAN  FOR  MEASURING  IR  RADIATION  LEVEL 


The  following  two  figures  describe  the  proposed  radiation 

experiment  (Figures  59  and  60).  The  goal  of  this  experiment  is  to  operate 

a  discharge  similar  to  that  to  be  used  in  the  ion  anti -contamination  system 

under  conditions  that  would  be  encountered  during  operation  in  space.  The 

electrical  characteristics  will  be  simulated  by  using  a  suitably  modified 

ion  pump  of  the  Penning  discharge  type.  The  species  to  be  pumped  will  be 

neon  because  of  its  similarity  to  oxygen  atoms  (a  species  of  primary 

interest),  and  its  high  vapor  pressure  under  cryogenic  conditions. 

Preconditioning  of  the  walls  will  be  room  temperature  pumpdown  followed  by 

cooling  to  20K,  the  procedure  used  before  launch.  The  radiation  will  be 

-ll  ? 

monitored  using  a  broadband  radiometer  capable  of  measuring  10  W/cm  -Sr- 
um  against  the  background  of  the  cooled  cryoshroud.  Major  spectral 
features  will  be  measured  by  a  series  of  filters.  Their  dependence  on 
macroscopic  system  parameters  as  discharge  voltage,  current  gas  pressure 
and  species  will  be  determined. 

In  order  to  measure  these  low  radiative  levels  in  the  infrared  it 
is  necessary  to  have  the  background  at  a  temperature  below  40K.  However, 
at  this  temperature,  vapor  pressures  of  the  major  air  constituents, 
nitrogen,  oxygen,  etc.,  are  above  the  pressure  levels  of  prime  interest  and 
the  experiment  must  be  cooled  to  approximately  20K  to  remove  (cryopump) 
these  gases.  It  is  expected  that  discharge  electrons  and  ions  will  knock 
these  gases  off  the  chamber  walls  and  they  will  contribute  to  the  measured 
radiation.  This  is  as  would  be  expected  to  retain  cryopumped  molecules, 
but  it  does  distinguish  this  experimental  simulation  from  a  more  flexible 
experiment  which  would  determine  the  origin  of  the  emissions.  This  more 
detailed  experiment  would  discriminate  test  gas  from  contaminant  gas 
emission  through  use  of  spectral  content  (interferometer  or  spectrometer) 
and  by  having  a  clean,  bakable  vacuum  system  to  eliminate  contamination  on 
the  walls. 
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Goal:  Bound  radiation  levels  from  a  Penning  discharge 

SIMILAR  TO  THAT  TO  BE  USED  IN  THE  ION  ANTI¬ 
CONTAMINATION  SYSTEM, 

Approach:  Use  filtered  radiometer  to  observe  energetic 

ELECTRON-PARTICLE  INTERACTIONS  WITH  TEST 
GASES  REPRESENTATIVE  OF  SPACECRAFT  ENVIRON¬ 
MENTS, 

PS  I  Statement  of  Work 

1)  Design  and  specify  radiometer  experiment 

2)  Provide  a  suitable  Penning  discharge 

3)  Perform  room  temperature  discharge  characterization 
(at  PSI) 

A)  Perform  77° K  system  checkout  and  background 

MEASUREMENTS 

5)  Perform  20*K  radiometer  measurements  and  analyze 

DATA 

6)  Support  system  development 


EBBBBBB 

BOBSBBfl 

□□□HBEfl 


Figure  59.  Radiation  Experiment 
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Detect  radiation  levels  at  10"11  W/cm2-Sr  jim 


Ts  <  40  *K  SET  BY  RADIOMETER 
T$  ■  20-30’K  SET  BY  GAS  PURITY-CRYOPUMPING 
ne  -  109  -  1010  CM"3 
V  -  1-5  KV 

ng  ~  5  x  109  -  5  x  1011  CM"3 


Gases  Ne.  possibly  Ai\,N2,and  02 


SSG  will  provide  the  vacuum  chamber  and  its  internal  cryoshroud 
which  is  capable  of  being  cooled  to  20K.  There  will  be  provisions  for  gas 
pumping  and  electrical  feedthroughs  while  maintaining  adequately  low 
background  radiative  levels.  SSG  will  also  provide  the  radiometer. 

PSI  will  provide  a  Penning  discharge  modified  so  that  its 
internal  radiation  can  be  monitored.  The  modified  Penning  discharge  will 
be  characterized  by  PSI  at  room  temperature  before  the  cold  measurements. 
It  is  expected  that  a  series  of  measurements  at  77K  will  be  undertaken 
before  20K  measurements  are  made  to  increase  the  probability  of  success  of 
the  low  temperature  test  series.  Besides  making  the  emasurements  and 
analyzing  them,  PSI  will  also  support  the  overall  system  development. 


APPENDIX  A:  KEY  THEORY  &  DEVELOPMENT  OF  ION  PUMP 


Survey  of  published  literature  is  completed.  Appendix  A 
highlights  the  key  theory  and  developments  of  the  ion  pump.  A  full 
bibliography  is  provided  in  the  reference.  The  two  major  commercial 
manufacturers  of  ion  pumps  are  Perkin-Elmer  and  Varion.  All  ion  pump 
configurations  are  derivatives  of  the  Penning  discharge  cell  or  the 
magnetron  gauge  in  single  or  array  configurations. 

-5 

Ion  pumps  normally  operate  below  10  torr  and  require  a  power 
supply  of  3-*5  kilovolt  (dc).  The  starting  current  is  less  than  250  mA  for 
pumps  having  capability  up  to  220  liter/ sec.  The  operating  current  is 
directly  proportional  to  the  operating  pressure  for  a  given  pumping 
capacity.  For  example,  an  8  L/S  pump  draws  1  mA  at  10~^  torr  and  it  draws 

O 

only  1  uA  at  10  torr.  A  smaller  capability  pump  draws  less  current  at 

-5 

the  same  pressure.  For  example,  a  2  L/S  pump  draws  only  170  uA  at  10 

O 

torr  and  0.2  uA  at  10  torr,  respectively  (Figure  a). 
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APPENDIX  A  -  KEY  THEORY  AND  DEVELOPMENTS  OF  ION  PUMP 


1937  -  Penning  describes  Philips  Vacuum  Gauge  which  contains  two 

paralelel  plates  of  zirconium  as  cathode  and  a  ring  as  anode,  and 
is  placed  between  the  poles  of  a  permanent  magnet  with  its  field 
perpendicular  to  the  cathode.  A  gas  discharge  takes  place 
between  cold  electrodes  at  a  pressure  about  1000  times  lower  than 
is  possible  in  a  tube  of  similar  construction  without  magnetic 
field.  It  has  been  found  that  the  magnitude  of  the  discharge 
current  is  a  good  measurement  of  pressure.  Application  pressure 
range  of  2  X  10"3  to  10‘5  torr. 

1949  -  Penning  and  Nienhis  describe  a  new  electrode  configuration:  The 
(Ref. 13)  cathode  plates  are  round  discs  parallel  to  the  axis  of  the 
magnetic  field  and  the  anode  is  in  the  form  of  a  cylincrical 
jacket.  Ten  times  more  sensitive  than  old  design  and  extends 
pressure  range  to  10“7  torr. 

1959  -  Redhead  developed  a  theory  for  the  striking  characteristics  of 
(Ref. 14)  the  self-sustained  Townsend  discharge  in  a  coaxial  diode  with  an 
axial  magnetic  field  that  can  be  used  effectively  as  a  means  for 
measuring  extremely  low  gas  pressure  (below  10"^  torr).  The 
inner  cylinder  was  used  as  the  anode  and  the  outer  cylinder  as 
the  cathode,  the  ends  of  the  cathode  cylinder  were  partially 
closed  to  prevent  migration  of  electrons  from  the  discharge  in  an 
axial  direction  (inverted-magnetron  gauge). 

1961  -  Jepsen  developed  a  theory  for  the  effects  of  space  charge  in 
(Ref. 15)  inverted  and  normal  magnetrons  and  in  Penning  structures. 

Estimates  are  made  of  current  flow  and  its  dependence  on  voltage, 
magnetic  field,  electrode  geometry,  and  pressure.  It  was  shown 
that  discharges  of  much  greater  intensity  may  be  expected  in 
normal  magnetron  with  filementary  cathodes  than  in  inverted 
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magnetrons  with  filementary  anodes.  It  was  also  shown  that 
comparable  maximum  discharge  intensities  should  be  obtainable  in 
Penning  structures  and  in  normal  magnetrons. 

1961  -  Jepsen  measured  large  space-charge  depressions  of  potential  on 

(Ref. 16)  the  axis  of  a  Penning  discharge  and  verified  that  the  anode  traps 
a  very  dense  cloud  of  electrons  and  that  space-charged  fields 
play  a  dominant  role  in  the  behavior  of  the  discharge.  It  was 
determined  that  a  naturally  collimated,  very  intense  ion  beam  of 
well-defined  energy  emerged  from  a  1/8  in.  diameter  hole  drilled 
on  a  1/2  in.  diameter  cell.  At  a  pressure  of  10"®  torr  a  beam 
current  of  about  1  microamp  is  obtained  and  a  full  beamwidth  of 
5°  to  10°  as  measured  at  the  half  intensity  points  2  inches  away 
from  the  beam  aperture. 

Lange  measured  the  electron  density  in  a  Penning  cell  over  the 

pressure  range  10  to  10  torr  (Argon)  at  various  values  of 

the  applied  voltage  V)  and  magnetic  field  (B).  The  electron 

density  for  a  given  value  of  V  and  B  was  found  to  be  essentially 

constant  for  pressures  below  10”®  and  to  increase  nonli nearly 
-6  -4 

from  10  to  10  torr.  The  charge  density  increases  linearly 

with  V  but  is  much  less  sensitive  to  B.  Below  10"®  torr 

9  3 

densities  in  the  range  0.5  -  5  X  10  per  cm  were  found. 


1968  - 
(Ref. 17) 
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